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CLOUD PICTURES FROM SATELLITE TIROS I° 


S. FRITZ AND H. WEXLER 
U.S. Weather Bureau, Washington, D.C. 
Manuscript received April 29, 1960; revised May 5, 1960] 


ABSTRACT 


Some of the more striking examples of cloud phenomena revealed by the first pictures that have come from the 
experimental weather satellite, TIROS I, are presented, and broad-secale patterns in the pictures are interpreted in 


terms of general features of the associated weather maps. 
scales appear in the cloud patterns associated with cyclonic vortices. 


These preliminary results show that a vast variety of 
Marked differences, as well as similarities, in 


cloud patterns associated with several types of cyclones are pointed out; the cyclones discussed include mature 
vortices in the Atlantic and Pacific Oceans, younger cyclones over and near the United States, and a typhoon in the 


South Pacific Ocean. 


The cloud cover over an extensive area is portrayed by means of preliminary mosaics of 


TIROS pictures and by a schematic cloud map made from the pictures. 


1. INTRODUCTION 


TIROS I, an experimental weather satellite (c.f. [1]) 
containing two television cameras was launched on April 1, 
1960, by the National Aeronautics and Space Administra- 
tion. The characteristics of the satellite, its cameras, 
and its orbit have been reported elsewhere [2]. By 
April 22, it had made about 300 orbits (apogee 461.3 
stat. mi.; perigee 436.0 stat. mi.; inclination 48.4°; period 
99.24 min.) and its cameras had taken about 6,000 pictures 
of various cloud formations. The purpose of this preliminary 
hote is to present a few examples of these cloud pictures 
and to show their relation to observed weather patterns. 

From among these first pictures that have come from 
TIROS some of the more striking examples have been 
selected. These have been put together in two ways. 
The first category portrays the large-scale vortex or 
cyelonie storm, several hundred miles in diameter. 
Pictures of seven individual vortices have been selected 
and their relationships to features of sea level weather 


maps are discussed. The location of the satellite in its 
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tration, 


rk has been supported by the Naticnal Aeronautics and Space Adminis- 


orbit and the direction of view of its cameras at the time 
of each picture have not yet been determined precisely. 
However, approximate locations and directions that will 
serve the purpose of this preliminary report are indicated 
on the maps. 

The second category is a composite array. One array 
consists of two mosaics of about 30 different prints and 
extends from a region about 800 miles west of Ireland to 
the Near East. Another array, in the form of a sche- 
matic representation of clouds, extends from the Pacific 
coast of the United States eastward over the Mediterra- 
nean to the Near East. 


2. CLOUD PATTERNS OF CYCLONIC STORMS 


The first category, figures 1-8, contains seven different 
examples of vortices observed by TIROS in both the 
Northern and Southern Hemispheres. With each picture. 
except figures 7 and 8, is shown the weather map associ- 
ated with the vortex. The weather analyses were copied 
from the sea level maps of the National Weather Analysis 
Center, U.S. Weather Bureau, Suitland, Md. 

Figure 1 shows the storm that was picked up in the 
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Ficure 1.—(A) Three overlapping TIROS pictures showing extra- 
tropical cyclone centered about 120 miles east of Cape Cod, 
April 1, 1960. (B) Sea level weather map, 1000 Est, April 1, 
1960. Point X denotes approximate location of satellite and 
the arrow indicates camera direction when pictures were taken. 
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Figure 2.—(A) Two overlapping TIROS pictures showing extra- 
tropical cyclone centered over southeastern Nebraska, April 1, 
1960. (B) Sea level weather map, 1600 est, April 1, 1960. The 


key to the cloud cover analysis is given in figure 1B. 
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3.—(A) TIROS picture showing extratropical cyclone 
d in the Gulf of Alaska about 500 miles southeast of 
‘ Island, April 1, 1960 
\pril 1, 1960. 


(B) Sea level weather map, 1900 
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Figure 4.—(A) Two overlapping TIROS pictures showing extra- 
tropical cyclone centered about 400 miles west of Ireland, April 2, 
1960. (B) Sea level weather map, 1200 emt, April 2, 1960. 
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TIROS 
centered about 400 miles west of Ireland, April 3, 1960. 


Figure 5.—(A) cyclone 


This is 
(B) Sea level 


picture showing extratropical 


the same storm pictured in figure 4A a day earlier. 
weather map, 1200 amt, April 3, 1960. 


early orbits of TIROS on the first day, April 1. The 
storm was centered 120 miles east of Cape Cod with conti- 
nental air streaming off the east coast, and moist air over 
the ocean flowing northward, counterclockwise around 
the center, producing widespread clouds and precipitation 
as far north as the Gulf of St. Lawrence. Much of the 
Gulf of St. Lawrence and the St. Lawrence River was 
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Figure 6.—(A) TIROS picture showing extratropical cyclon 
centered about 800 miles west of southern California, April 4 
1960. (B) Sea level weather map, 1900 Est, April 4, 1960. 


nearly cloudless as is indicated by the dark area near thi 
top of the pictures. 

Figure 2 shows a storm in midwestern United States 
that was also televised on April 1. This rather extensiv' 
storm was centered over southeastern Nebraska. gail! 
we see the clear, cold, dry air (represented by the dark area 
which is the ground underneath) moving in behind a cold 
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front. To the east of the front the moist air from the 
Gulf of Mexico is flowing into the storm center and pro- 
duciny rather widespread cloudiness, shown by the circu- 
lar cload near the top of the picture. Near the Gulf of 
Mexico, where very bright portions of the picture suggest 
that (ue clouds are very high, thunderstorms occurred. 

Figure 3 shows a third vortex that was observed, also 
on April 1, in the Gulf of Alaska 500 miles southeast of 
Kodiak Island. The vortex circulation is clearly por- 
trayed by the clouds which form a spiral array. 

The associated weather map of the cyclone is based 
upon relatively few reports over an area which is larger 
than the United States; there is therefore opportunity for 
error because of lack of observations. The paucity of 
data is even more pronounced in the upper air. In these 
areas particularly, satellite observations similar to figure 
3 will be useful in synoptic scale weather analysis as well 
as research. 

Figure 4 shows a large, mature, occluded cyclone, about 
1,000 miles in diameter, centered about 400 miles west of 
Ireland on April 2. The rather well-marked banded 
structure of the clouds of this ocean storm is quite differ- 
ent from the more uniform structure of clouds associated 
with continental and coastal storms whose cold fronts are 
followed by dry continental air (figs. 1 and 2). The 
storms over the oceans that TIROS has so far revealed 
seem to show more of a banded structure; the bands, 
ranging in width from a few miles to a few hundred miles, 
appear to spiral cyclonically around the storm center. 

Figure 5, showing the same storm west of Ireland a day 
later, April 3, was photographed from a point farther to 
the southeast. From this view, in which the storm is 
near the horizon, there seems to be just one very large 
band winding around the center. Photogrammetric 
measurements may reveal the nature of the change in 
cloud pattern from April 2 to April 3. 


Figures 6 and 7 show a cyclone located about 800 miles 
west of southern California on April 4 in an area where 
anticyclones are usually found. The storm has a cloud 
vortex about 1,000 miles in diameter. The cloud picture 
contains several scales of superimposed bands: first, a series 
of wide bands in which the clouds seem to start abruptly at 
a narrow clear zone, sometimes increasing in brightness 
with distance from the vortex center, only to end abruptly 
again in a clear zone; second, the individual bands com- 
posed of a series of smaller elements, and probably if the 
resolution were fine enough, there would be smaller ele- 
ments within those. These are examples of the vast 
variety of scale of streakiness that characterizes the 
atmosphere. 


The weather map (fig. 6B) associated with this cy- 
clone is based on a few ship reports in the area between 
Hawaii and California, whereas the TIROS picture (fig. 7) 
reveals considerably detailed structure of the storm. 

Figure 8 shows a vortex in the Southern Hemisphere, 
where cyclones rotate clockwise instead of counter- 
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clockwise. On April 10, this storm was located about 300 
miles north of the northern tip of New Zealand. Note 
the dark, cloudless eye of the storm. The eye and spiral 
cloud bands of tropical cyclones, such as hurricanes and 
typhoons, have been studied by means of radar and 
aircraft photographs, but figure 8 shows the first single 
picture of a nearly complete typhoon structure as seen 
from high levels. 

The existence of this tropical storm was known to 
meteorologists in the Southern Hemisphere for several 
days before TIROS televised it on April 10; after a mes- 
sage was received indicating that a storm was there, 
the satellite was then programmed to observe it. (TIROS 
can store pictures taken during only a 16-minute interval; 
therefore, whenever possible, it is programmed to take 
pictures of interesting meteorological areas on the daylight 
side of the earth.) This is one of several pictures taken 
about 0300 emt, April 10. 

The vortices that have been shown in this section are 
examples of the most striking phenomena that TIROS 
has revealed so far. It will now be necessary to study 
the hydrodynamics and thermodynamics which produce 
such cloud patterns, to acquire a greater understanding of 
atmospheric processes, which will then lead to a better 
interpretation of the cloud pictures. 


3. CLOUD PATTERNS OVER EXTENDED AREAS 


The second category of cloud information, shown in 
figures 9 and 10, is the cloud cover and patterns over an 
extensive area having dimensions far greater than those 
represented in the individual pictures shown in the 
preceding section. This different type of cloud informa- 
tion is obtained by overlapping a series of TLROS pictures 
to make a mosaic (fig. 9) and by deriving a schematic 
cloud map (fig. 10) from the pictures. 

Figure 9 is a mosaic of about 30 pictures taken on 
orbits 14 and 15 as the satellite moved toward the south- 
east on April 2. The pictures start about 800 miles west 
of Ireland to the west of the vortex that was mentioned 
earlier (fig. 4). On orbit 14, a picture of the vortex 
was taken and 100 minutes later on orbit 15 another 
picture of the same storm was taken. The same cloud 
details can be recognized over the 100-minute interval. 
The mosaic gives a geographical coverage of cloud patterns 
beginning in the Atlantic Ocean. They include the vortex 
west of Ireland and show the extensive cloud area over 
western Europe, a massive cloud over the Swiss Alps, 
a general cloud area over Turkey, and a clear area in the 
Near East, Israel, Egypt, and North Africa. 

Figure 10, based on pictures from orbits 28 and 32, on 
April 3, is a preliminary schematic representation of clouds 
over an area extending from the west coast of the United 
States into the Atlantic Ocean, and then from the mid- 
Atlantic and Europe to the Near East. Selected photo- 
graphs, from which the schematic array was made, are 
displayed along the boundaries of the photographed area. 
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Figure 7.—Enlarged TIROS picture of the extratropical cyclone shown in figure 6. Notice the variety of scales shown by cloud patterns 


Some features of the mosaic in figure 9 on the previous are characterized by bands of clouds which spiral inward 

day can be seen, as for example the vortex west of Ireland. around a storm center. Although some suggestions have 

been made that extratropical cyclones also contain bands, 

4. SUMMARY over oceans, now as a direct result of TIROS, we see that 

the spiral banded cloud structure also exists around well- 

TIROS has revealed a large degree of organization in developed extratropical storms. Compare, for example, 

the cloud systems over much of the earth’s surface. The figures 7 and 8. In these storms the bands are separated 

most striking patterns are the spiral cloud formations by clear areas and range in width from several miles to 
associated with large storms, some as much as 1,500 miles a few hundred miles. Also the storm 400 miles west of 7 


in diameter, observed in such places as the United States, Ireland (fig. 5), which is not a tropical storm, can be com- 
North Atlantic Ocean, North and South Pacific Oceans, pared with the tropical storm north of New Zealand (fig | 
and the Indian Ocean (not shown here). 8). In both cases, the cloud bands revealed the circular 


It is well known from radar observations that hurricanes wind flow around the storm’s center. But one of the sig- 
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FIGURE 8. 


nificant results from TIROS is the clear indication that 
although storms have similarities, there may also be very 
marked differences. Study of the causes for these differ- 
ences should reveal much about atmospheric processes 
and structures. 

Thus far, storms observed over continents have not 
exhibited such fine banded structure as those over oceans. 
The continental storms have been associated with gen- 
eral cloud areas with the spaces between the bands either 
poorly defined or non-existent but the spiral nature of the 
storm: was indicated more by the presence of a wedge of 


TIROS picture of tropical cyclone centered north of New Zealand, April 10, 1960 


dry, cloudless air curving in toward the storm center be- 
hind a cold front, as shown by the Midwest storm of April | 
(fig. 2). A storm photographed on the east coast of the 
United States on the same day also showed this clearly 
(fig. 1). 
banded structure. 


It had a similar cloud system without the marked 
However, we do see again the cold 
cloudless air flowing in behind the cold front. Moreover, 
both of these storms contained frontal systems. 

The photographs shown here are but a few of the more 
striking examples of cloud pictures revealed by TIROS. 
A systematic inspection of these cloud pictures is just 
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Figure 10.—A preliminary schematic representation of cloud patterns revealed by TIROS pictures over an area extending from the west 
coast of the United States into the Atlantic Ocean (orbit 32) and from the mid-Atlantic to the Near East (orbit 28), April 3, 1960. 
The solid white lines outline the area covered by pictures on these two orbits. Examples of pictures used in preparing the schematic 


cloud map are shown along the borders of the area. 


getting under way. In the months ahead pictures are 
expected to reveal much new information about many 
atmospheric processes—from fair weather situations to 
incipient storminess to the growth of fully mature storms 
and their final dissipation. 
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FORECASTING AIR POLLUTION POTENTIAL 


LAWRENCE E. NIEMEYER? 


U.S. Weather Bureau Research Station, Robert A. Taft Sanitary Engineering Center, Public Health Center, Cincinnati, Ohio 
(Manuscript received February 2, 1960] 


ABSTRACT 


A procedure for forecasting weather conditions conducive to high air pollution levels over a large area as a primary 
alerting system for potentially hazardous conditions is presented. Experiments conducted in the fall of 1957 and 1958 


to test the procedure are described. 
be used to signify periods of high air pollution potential. 


]. INTRODUCTION 


Discharge of pollutants to the air during meteorological 
conditions conducive to their congestion could be reduced 
or eliminated for many sources of pollution provided ade- 
quate and dependable warning of the conditions were 
given. When conditions are favorable for rapid dispersion 
and diffusion of contaminants, higher rates of discharge 
are usually possible without creating undesirable effects. 
Occasionally meteorological conditions develop which in- 
hibit dispersion of air-borne wastes for extended periods. 
Forecasts of the latter conditions, coupled with measure- 
ments of air quality, could provide a basis for pollution 
control. 

A forecast of unfavorable atmospheric conditions would 
alert interested parties, both public and private, to take 
precautionary measures. Measurements of local air con- 
taminants could then be initiated to monitor the air 
quality. If these measurements attained prescribed values 
and the forecast indicated that meteorological elements 
necessary to the accumulation of contaminants were ex- 
pected to persist, then appropriate steps could be taken 
to reduce or eliminate the emission of pollutants until the 
measurements and the forecast show that normal activity 
could be resumed. 


2. EFFECTS OF WEATHER 
ON DISPERSION OF AIR POLLUTANTS 


Experience and investigation have shown that wind 
speed and atmospheric stability are the weather elements 
which may be considered as the primary meteorological 
factors that determine the dilution of air pollution in the 
lower atmosphere. 

The volume of air into which contaminants are emitted 
is directly proportional to wind velocity, and the concen- 
tration of contaminants is generally inversely propor- 


1 Paper presented at Annual Meeting, American Industrial Hygiene Association, 
Chicago, Il., April 30, 1959. 
2 Present affiliation: U.S. Weather Bureau Airport Station, San Francisco, Calif. 


The results indicate that forecasts of macroscale meteorological phenomena can 


tional to wind speed. If the wind speed doubles, other 
conditions being equal, the pollutants are emitted into 
twice the volume of air downstream from the source. 

Stability depends on the temperature distribution with 
height. Normally temperature decreases with ueight ap- 
proximately 3.3° F. per 1000 feet. When the decrease is 
greater than the dry adiabatic lapse rate (5.5° F. per 1000 
feet), the air is unstable and vertical exchange and turbu- 
lence occur readily. When the decrease is less than 5.5° F. 
per 1000 feet or when the temperature increases with 
height, the air is stable and turbulence tends to be damped 
out. Theoretically the damping becomes greater as the 
temperature decrease with height lessens and is _ pro- 
nounced in an inversion layer. An inversion is that con- 
dition in the atmosphere when the temperature increases 
with height. 


3. SELECTION OF FORECAST MODEL 


Studies of air pollution episodes at Donora [1], Greater 
London [2], and other places have suggested that the 
simultaneous occurrence of very low wind speed, variable 
wind direction, pronounced stability, and fog is charae- 
teristic of these episodes. Furthermore, these conditions 
persisted for several days during each episode and were 
associated with quasi-stationary anticyclones. 

On the basis of this knowledge a set of empirical 
criteria was selected as a foundation for forecasting air 
pollution potential. These criteria embody meteorologi- 
cal conditions which are associated with slowly moving 
anticyclones and are most likely to produce the conditions 
These criteria are: (1) Surface winds 
less than 8 knots. (2) Winds at no level below the 500-mb. 
level greater than 25 knots. (3) Subsidence, the slow 
sinking or settling of air from aloft, below the 600-mb. 
level. (4) Simultaneous occurrence of the above with 
the forecast continuance of these conditions for 36 hours 


discussed above. 


or more, 
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4, EXPERIMENTAL DESIGN 


Au experiment was designed to test the applicability 
of the given criteria as precursors of pollution episodes. 
The experiment was limited in time to the season during 
which stagnating anticyclones are most likely to occur 
(1, 3], and in area to the region in which stagnating 
anticvclones most frequently occur [3]. Secondary con- 
sideration was given to availability of air quality measure- 
ments. 

The selected area (fig. 1) extends from 33° N. to 43° N. 
and from 78° W. to 88° W., or roughly, that area bounded 
by Myrtle Beach, 5.C.; Tuscaloosa, Ala.; Milwaukee, 
Wis.: and Buffalo, N.Y.® 

The operators in charge of National Air Sampling 
Network stations in this area volunteered to collect the 
air quality data necessary to determine the success or 
failure of forecasts for high pollution potential. Analyti- 
eal work was done by the National Air Sampling Network 
(NASN) of Air Pollution Engineering Research at the 
Robert A. Taft Sanitary Engineering Center, Cincinnati, 
Ohio. Suspended particulate material collected over 
24-hr. periods by high volume air samplers was used as 
the air quality measurement. 

The daily weather was monitored over the selected 
region from October 1 to November 15, 1957 and from 
September 1 to November 15, 1958. Whenever weather 
conditions met the selected criteria in a minimum area 
(equivalent to a 4° square) and a forecast indicated that 
they would persist, a request for air quality measurements 
was relaved by telegram to appropriate NASN stations. 


5. RESULTS 


During the two test seasons, six periods were observed 
in which the criteria were met. Each period will be 
discussed in terms of the dominating weather influences, 
the air quality measurements obtained at each station 
during each episode, and comparable air quality measure- 
ments collected by the individual stations during the year. 
(National Air Sampling Network Stations take air quality 
measurements on a random basis; one 24-hr. sample is 
taken during each 2-week period.) 


CASE 1 


The first period occurred during October 11-15, 1957. 
An analysis of the weather data during this period shows 
that the region was under the influence of a slowly moving 
polar anticyclone, which began to affect the test area 
early on October 10. By the 11th, surface winds and 
winds aloft (table 1) were well within the criteria over 
northern Indiana and northern Ohio. By the 12th, light 
winds prevailed over southern Ohio and western Penn- 
sylvania. Atmospheric soundings taken at Peoria (fig. 
2), Dayton (fig. 3), and Pittsburgh (fig. 4) indicated the 
prese! of subsidence. The surface anticyclone was 


_——. 


* Citi en in tables 2-5 and 7 outline the sub-areas within the test area where the 
Criteria met during a particular air pollution episode. 
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Figure 1.—National Air Sampling Network, June 1958. The 
experimental test area extends from 33° N. to 43° N. and from 
78° W. to 88° W. 


TABLE 1.—Wind speed (knots) at selected stations 1300 est, October 
11-16, 1957 





Height Dayton, Ohio Flint, Mich. Pittsburgh, Pa. 
(meters ee. = a 
MSL) 

11 12 13 14 15 16 11 12 13 14 15 16 11 12 13 14 115 16 
6000 26 13#=#0 138 27 3l |} 2 «64«i0 i 18 37 7 18 ll 18 BW 
5000... 20 13 7 1 2 4 || 26 «6©7:«18 «16 «25 «(45 29 13 16 «11 «18 25 
4000___. 13 18 13 11 22 45 2467 DW 22 22 «47 4 2 ll 13 16 16 
00....i/Hh i &§€ &€S @ 22 7 22 16 31 Si is 11 8 9 4 DW 
2500. ll 7 ht 9 18 Sl 15 7 138 13 24 || 13 9 7 16 62 «WB 
2000___. 11 11 Il 7 @ 49 11 7 4 13 18 31 3 7 2 il 4 11 
1500_.....| 13 Il 7 418 4 722 6 @ 342 9 1 
1000.....| 9 18 7 2 13 45 11 4411 18 4 374 7 8 
Diiwet oom +t. a4 Th i a «a. a) ae 
*300.....| 13 16 7 4 927 || 9 4 4 7 18 31 nee re. FS 
*150 5613777t@®P 944TH 2 — one of 42 9 
SFC 15 9 ¢& 7 9 16 7 1 7 @ ew ae an 


‘ 


| 


*Height above surface. 





TABLE 2,.—Particulate matter concentrations (ug.m.~) for National 
Air sampling stations, 1957 
Alerted October 11-15, 1957 
Fort Indian- Lake County, Ind. Pitts- W heel- 
Wayne, apolis, Columbus, Lorain, burgh, ing, 
Ind. Ind. Ohio Ohio Pa. W. Va. 
Site A Site B 
70 S7 77 Ss) 66 *°74 78 137 
72 87 108 68 **121 101 79 143 
79 106 114 69 128 107 S2 1%) 
RS 111 125 75 142 147 103 152 
SY 119 132 78 205 152 193 155 
91 123 132 M4 215 155 104 157 
102 123 136 105 23) 162 126 159 
105 125 145 114 255 180 136 163 
109 127 159 116 272 192 159 165 
110 128 iff 117 *274 195 168 169 
14 135 166 122 276 205 178 170 
117 140 169 122 298 229 179 175 
121 141 175 124 322 230 179 178 
127 143 176 127 327 22 180 197 
128 146 180 136 371 270 186 27 
132 151 186 138 426 289 198 212 
135 155 1sY 145 459 282 209 213 
136 *158 191 159 479 208 252 215 
138 166 211 162 978 *305 253 217 
138 176 222 182 s63 348 232 
162 177 *226 215 545 397 277 
*185 178 234 247 449 278 
189 1yy 234 279 $4 *291 
*198 200 241 2¢8 p! 
2)2 217 *241 | 343 344 
206 260 248 | *398 
"244 248 
304 *274 
310 


*Episode data. 
**Post episode data. Samples taken after termination of alert. 
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Ficure 4.—Radiosonde observations, Pittsburgh, Pa., 0700 Esvt, 


October 11-15, 1957. 


accompanied by a well-developed ridge of high pressure 
aloft (fig. 5) and although the anticyclone did not stagnate, 
light winds, clear skies, and well-developed surface 
inversions prevailed during the period. 

These meteorological conditions led to subnormal 
dispersion of contaminants and were instrumental in 
effecting high pollution levels. Table 2 presents the 
air quality data collected during the period in addition to 
data collected for the NASN by each station in 1957. 
In most instances, the requested measurements fell in 
the upper quartile for the year. For two stations, the 
values were the highest recorded in 1957. 

An inspection of the local wind pattern in relation to 
the industrial and residential distribution in a Lake 
County, Indiana city gives a possible explanation for the 
difference in sampling values at the two stations during 
the October 13-14, 1957, sampling period. Wind direc- 
tions ranged from ENE to SSE during this period. 
Winds from these directions favor the movement of 
industrial pollutants toward station B. The air passing 
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Figure 5.—Average meteorological charts, October 11-15, 1957. 
(a) Sea level composite pressure (mb.), 0100 Est. (b) 850-mb. 
composite height (ft.), 1900 est. (c) 700-mb. composite height 
(ft.), 1900 est. (d) 500-mb. composite height (ft.), 1900 Esr. 


over station A for these wind directions would 
primarily over a residential area before reaching the 
sampler. 

The alert was terminated for the northwestern Indiana 
city and other cities on the afternoon of the 14th when 
it became apparent that the pressure gradient was in- 
tensifying and that strong surface winds would prevail 
over Indiana and western Ohio. Nevertheless a 24-hr. 
sample (October 14-15) was collected at two stations 
in a Lake County, Indiana city. The values recorded 
were 121 yg.m.~ at station A and 74 ug.m.~ at station B. 
These values are both within the lower decile of the 1957 
data for these stations. 


pass 


CASE 2 


A request for air quality samples was issued in con- 
junction with a forecast on the afternoon of September 5, 
1958. Since the telegrams did not reach the station 
operators before the close of the business day, no special 
samples were collected. A regular NASN sample col- 
lected at Greensboro, N.C., one of the stations to which 
a telegram was sent, fell in the upper decile of recorded 
1958 data (see table 10). 
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Figure 6.—500-mb. height chart, 1900 Est, September 19, 1958. 


CASE 3 


On September 19, 1958, a surface high pressure system 
was centered over northern Ohio with an upper level 
ridge over the same general area. Available information 
indicated that the ridge would intensify and _ persist. 
However, cyclonic circulation developed at the 500-mb. 





ase 3.—Particulate matter concentrations (ug.m.~) for National 
Air Sampling Network Stations, 1958 
Alerted September 19-22, 1958 
= ; . re} uf £ I E 
- |g i a 2 r: | 3 ge: | 8 | 
= = Sr; Sg S =§ | 25/68/38 ae 
> | s. 3 «| C3 5 : S| as | So] §S 
i £7 EZ & = > 4 Bre =o so 
< < © S) © a S - a ~ 
44 *43 45 43 *42 *54 54 34 ll *83 79 
*63 45 47 | 55 | *s1 78 65 | *40 29 85 | 8) 
68 45 *52 | *55 | SY 86 79 | 41 30 89 87 
83 47 71 62 91 *100 SO 41 32 | 8Y &Y 
s4 48 71 66 93 108 91 *46 37 *97 *110 
YS 4y 7s 66 96 112 100 47 46 YS 114 
2) *54 87 69 yy 123 *100 63 46 102 | *118 
yy 54 AS 69 | 100 125 109 64 *53 103 119 
100) 64 SY 82 113 126 114 67 55 115 120 
101 66 92 86 117 *131 114 68 59 124 123 
101 66 96 SS 124 135 115 63 61 125 130 
10} “7 *102 SS 126 136 118 | 70 65 131 135 
10] 73 120 YS 126 138 119 73 69 132 140 
104 74 143 102 128 140 124 77 | 69 135 146 
105 75 150 | 102 132 140 | 127 77 76 140 14s 
l 77 167 110 133 140 | 137 *77 76 140 150 
78 178 | 113 134 146 140 8) 77 144 153 
82 195 127 135 148 143 &8Y 77 150 154 
l 05 *228 136 149 151 159 90 sl 159 158 
107 231 137 149 154 *186 o7 M4 152 | 159 
108 232 *148 149 158 196 Gs 91 167 16) 
115 308 152 150 159 | 210 108 *92 178 166 
4 121 336 168 180 | 174 217 126 93 212 170 
124 412 18s 190 191 | 218 133 93 213 104 
131 483 216 206 194 225 137 *93 230 212 
179 708 236 259 219 246 156 v4 257 *254 
206 268 319 232 102 302 268 
212 308 241 128 330 391 
241 *343 


ode data. 


Figure 7.—Sea level pressure chart, 1300 est, September 20, 1958. 


level over the Texas Panhandle. It was detectable on the 
1900 rest, September 19, 1958, 500-mb. chart and 
moved northeastward with the flow shown on figure 6. 
By the afternoon of September 20, a surface cyclone had 
developed and subsequently moved through the area of 
concern (fig. 7). Considerable precipitation, widespread 
cloudiness, and relatively strong wind flow were asso- 
ciated with the cyclone. The surface high pressure 
system moved rapidly eastward and was centered over 
Connecticut at 1300 Est, September 20 (fig. 7). A sur- 
face ridge extended over western Pennsylvania and 
eastern Ohio. 

Air quality data for the September 19-22, 1958 period 
are given in table 3 among the 1958 data collected by 
the participating stations. It can readily be seen that 
these samples are low with few exceptions. The rela- 
tively high values at Jackson, Youngstown, and Pittsburgh 
may be attributed to the fact that these stations are 
located well to the north and east of the area in which 
the cyclone developed. They were under the influence 
of the high pressure cell during the period September 
19-20 when the high samples were collected. As the 
low pressure system moved eastward, surface wind 
speeds increased at these stations and the air quality 
improved. 

CASE 4 


The weather pattern of October 3, 1958 presented an 
opportunity to collect air quality data under conditions 
of only two of the criteria. Since there was visual 
evidence of air pollution, it was decided to request two 
24-hr. air quality samples from each station listed in 
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Figure 8.—Sea level pressure chart, 1300 est, October 3, 1958, 


table 4 to determine the relative magnitude of the air 
quality under these conditions. 

A surface high pressure cell was centered off the coast 
of Nova Scotia and a weak ridge of high pressure extended 
southwestward to Texas (fig. 8). Surface winds were 
light and variable and early morning radiosonde obser- 
vations at Dayton (fig. 9) and Pittsburgh (fig. 10) indi- 
cated well developed surface inversions and subsidence 


Particulate matter concentrations (ug.m.~*) for National 
Air Sampling Network Stations, 1958 


TABLE 4, 


Alerted Octcber 3-5, 1958 


Cincinnati,| Columbus,| Hunting- | Pittsburgh, 
Ohio Ohio ton, W. Va. Pa. 
89 78 50 85 
91 86 58 SY 
93 108 *59 SY 
96 *108 61 gs 
99 112 | 63 102 
100 123 | 67 103 
*108 125 6S 115 
113 126 | 7 124 
117 135 75 125 
124 136 77 131 
126 138 "oH 132 
126 40 | 91 135 
128 140 91 140 
132 | 140 102 140 
133 146 102 144 
i34 148 103 | 150 
135 | 151 | 104 150 
149 154 117 152 
149 | 158 126 167 
149 159 | 126 178 
150 | *168 | 129 | *198 
180 | 174 139 *205 
190 | 191 | 189 212 
206 194 | 224 | 213 
*252 219 230 
259 232 | 257 
319 241 } 302 
241 | 330 
344 





*Episode data, 
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Figure 9.—Radiosonde 
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Figure 10.—Radiosonde observations, Pittsburgh, Pa., 0700 Est, 
October 3-4, 1958. 


inversions at 800-850 mb. Winds above 10,000 ft. 
exceeded 25 kt. and above 15,000 ft. exceeded 40 kt. 
Surface visibility was reduced by smoke and haze along 
the Ohio River from Louisville to Pittsburgh. 

As was expected, the weather pattern did not persist. 
By the afternoon of the 4th, the surface pressure gradient 
along the Ohio River Valley had intensified and surface 
winds were at least 10 kt. (fig. 11). 

Recorded values were not particularly high or low except 
for one high sample recorded at Cincinnati. In this in- 
stance the wind records indicate that pollutants were 
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FicureE 11.—Sea level pressure chart, 1300 est, October 4, 1958. 


carried away from the city toward the west and southwest 
prior to the sampling period only to return over the city 
when winds shifted to the southwest. The extremely 
stable conditions did not permit the contaminants to mix 
to any appreciable height and therefore concentrations 
remained high. 
CASE 5 

In mid-October 1958, the weather over the southeastern 

United States was dominated by a high pressure cell, 


TasLe 5,—Particulate matter concentrations (ug.m.-*) for National 
Air Sampling Network Stations, 1958 





| 


Asheville, | Chattanoo-| Birming- Atlanta, 
N.C. ga, Tenn, | ham, Ala, | Ga. 

45 90 46 35 
45 98 | 53 | 55 
47 101 | 68 | 67 
4s 114 | 96 | 75 
49 | 158 | *97 81 
54 | 160 | 102 Sl 
64 | 163 | 104 | 82 
66 | 178 | 113 | 89 
66 185 113 | 100 
73 191 124 | 108 
74 198 127 | 11} 
7 199 | 143 | 119 
77 200 183 125 
78 212 | 191 137 
82 215 | 209 143 
95 | 222 | 233 | 183 
107 | 264 | 254 | 14 
108 | 267 | *319 200 
115 | 268 | 342 | 210 
121 376 369 | 241 
124 *399 424 | 268 
131 465 469 | *367 
179 509 640 | 

*188 *512 | 

206 528 

212 532 | 

*241 *549 | | 





*Episode data. 























Figure 12.—Average meteorological charts, October 13-16, 1958. 
(a) Sea level composite pressure (mb.), 0100 Est. (b) 850-mb. 
composite height (ft.), 1900 Est. (c) 700-mb. composite height 
(ft), 1900 est. (d) 500-mb. composite height (ft.), 1900 esr. 


both at the surface and aloft, for a period of several days. 
The surface system entered the area from over the Great 
Plains. A strong ridge of high pressure aloft indicated 
that the area would be under the influence of high pressure 
for some time (fig. 12). 

Analysis of weather charts in retrospect shows that the 
four stations given in table 5 were under the influence of 
the anticyclone from October 12 until October 17. How- 
ever, winds aloft (table 6) less than 25 kt. did not become 
prevalent until the 13th. Subsidence was prevalent over 


-Wind speeds (knots) at selected stations, 0700 gsr, 


October 13-16, 1958 


TABLE 6. 





Nashville, Tenn. Birmingham, Ala. Greensboro, N.C 


Height (meters msl) 
14 15 16 13 14 15 13 14 15 16 


a 18 18 13 16 22 M M 36 20 16 11 
5000 13 y 9 y 13 M M 29 20 16 13 
4000 _ . 13 11 2 13 11 7 M 29 18 9 9 
 _—__ 18 4 7 y 13 7 7 20 13 oy) 4 
2500... . ae 18 2 4 11 11 4 7 18 y 4 y 
2000 . 16 2 7 11 y Y 2 22 4 7 4 
1500... 11 4 4 11 13 11 7 16 2 7 y 
1000. _ 7 7 7 y 7 11 16 il 13 +] 16 
50 a 4 9 y 7 11 16 22 y 16 1} 16 
*300_ _ ‘i 4 Y y 7 11 16 22 il 18 13 2 
"i<eeee ' 4 4 7 4 11 y 13 7 16 i] 13 
SFC.... 4 4 2 2 11 7 y 2 ll 4 7 





Mes above surface. 
M = Missing. 
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Radiosonde observations, Nashville, Tenn., 0700 Est, 
October 13-16, 1958. 
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“1GURE 14.—Radiosonde observations, Montgomery, Ala., 0700 


EST, October 13-16, 1958. 
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Radiosonde observations, Athens, Ga., O700_ Est, 


October 13-16, 1958. 


FiGuRE 15. 


the general area until the 16th. Nocturnal surface in- 
versions developed each night (figs. 13-15) but were ap- 
parently dissipated during the day. This circumstance 
was probably fortunate; otherwise, air pollution concen- 
trations might have become severe in some areas. Fog 
was reported at Chattanooga and other stations but was 
dispelled early in the day. 

In the period, October 13-16, conditions favoring 
maximum concentration of pollutants occurred during 
the night and early morning hours. Sufficient insolation 
was received to eliminate the surface inversions during 
the late morning and early afternoon. This permitted 
the pollutants to become dispersed into a deep layer. 
The winds, although light, were then instrumental in 
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Figure 16.—Sea level pressure chart, 1300 Est, October 30, 1958. 


carrying the contaminants away from the cities under 
study. 

In this particular period the criteria were completely 
fulfilled. Success of the experiment for this period is 
shown by the high particulate loadings at the various 
stations (table 5). Loadings at Atlanta and Chattanooga 
were among the highest recorded data attained in two 
vears. 

The low sampling value at Birmingham may be attrib- 
uted to the fact that the surface winds in the Birmingham 
area, while light, persisted from the east and southeast 
during the period in which the sample was collected. 
With these directions, the sampled air would have had a 
trajectory with minimum travel over the urban area. 


CASE 6 


The last experimental forecast for which air quality data 
were requested was issued on October 30, 1958. In this 
instance, a high pressure cell, centered in the central Great 
Plains, extended its influence eastward with a surface ridge 
of high pressure to the Atlantic Seaboard (fig. 16). Winds 
at the 5,000-ft., 10.000-ft., and intermediate levels were dis- 
tributed into two main currents (fig. 17). One current 
was directed around a low pressure system located over 
Newfoundland; the other current flowed around the anti- 
cyclone centered over Nebraska. This diverging wind 
pattern was conducive to subsidence over the States of 
Ohio, Indiana, Kentucky, and West Virginia. Winds 
aloft charts and radiosonde observations for the period 
show that in this area winds ranged from 10 to 20 kt. be- 
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850-mb. height chart, 0700 gest. (a) October 30, 1958. 


(b) October 31, 1958. 


FicurReE 17. 


TABLE 7.— Wind speeds (knots) at selected stations, 1300 esr, October 
380—November 1, 1958 


Indianapolis, Cincinnati, Dayton, Ohio 
Ind, Ohio 
Height (meters msl) 
= 31 || 30 3 22S 1 
' 

| 1 
6000. ___. ; , 1 20 | 2 Mis & @ 
is cnakaiets ake 7 20 11 27 M || 22 22 2% 
4000. iiuiace | 13 13 146 Mi @ 16 16 
3000 . : 13 7 ae 20. 18 22 
2500... we : 16 11 16 16 M — oo 
2000 _ : 16 6 | 18 12 Mio OD 2 
1500. _. 20 22 6d DIin D2 ® 
1000 11 om 4 Bis 23 8 
500_. 9 u | 7 4 i ae rt) 
*300 : 9 eS a 2 7 9 1 ol 9 
"150 9 9 4 4 7 9 il 9 
eC... : a ll 9 2 4 7 4 4 7 





*Height above surface. 
M= Missing 


low the 5,000-ft. level (table 7), and well developed subsi- 
dence inversions and nocturnal surface inversions pre- 
vailed (fig. 18). These phenomena contributed materially 
to the retention of contaminants near the earth’s surface. 
Table 8 presents the air quality data taken as a result of 
this alert. All values were recorded in the upper decile 
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Ficure 18.—Radiosonde observations, Dayton, Ohio, 0700 gst, 
October 30—November 1, 1958. 


TaBLE 8.—Particulate matter concentrations (ug.m.~*) for National 
Air Sampling Network Stations, 1958 


Alerted October 30-November 1, 1958 


Charleston, Columbus,| Dayton, Hunting- | Indianap- | Louisville,| Cincin- 

W. Va. Ohio Ohio ton, W. Va.| olis, Ind. Ky. nati, Ohio 
45 78 0 OD Us 115 xu 
47 So 66 58 116 131 v1 
71 108 76 61 116 137 ¥3 
71 112 84 63 123 141 96 
78 123 s4 67 124 147 vy 
87 125 6 6s 130 147 100 
SA 126 87 74 131 153 113 
sy 135 SS 75 131 166 117 
y2 136 91 77 139 168 124 
96 138 93 bo 143 182 126 
120 140 97 v1 153 185 126 
143 140 105 v1 157 ISS 128 
150 140 108 102 159 240 132 
167 146 110 102 167 267 133 
178 148 111 103 174 268 134 
195 | 151 115 104 177 271 135 
231 154 120 117 177 323 149 
232 158 126 126 180 363 149 
308 159 127 126 192 *378 149 
336 *172 128 129 207 745 1) 
412 174 131 139 234 180 
*420 191 148 154 250) 190 
4583 104 150 *189 *297 206 
*539 219 *199 224 352 259 
708 232 *206 "354 "208 
241 "319 

241 

*267 


*Episode Data. 


for the year except for one value at Columbus; it was 
recorded in the upper quartile for the year. 


6. CONCLUDING REMARKS 


Examining the air quality data for the periods in which 
the weather was monitored, it is found that the highest 
loadings with few exceptions, occurred in those periods 
when the criteria were met (tables 9 and 10). Examina- 
tion of source distribution and topography in the vicinity 
of the sampling sites together with a study of the wind 
direction patterns would probably reveal the explanation 
for the exceptions. 





96 


October 1-November 15, 1957 


TABLE 9. 
Fort Wayne, Indianapolis, Lorain, Ohio Columbus, 
Ind. Ind. Ohio 

Date Date Date Date 
10/5 110) «11/12 106 —-:10/30 105 = =—«10/19 176 
11/14 121 10/21 125 | 11/7 136) «10/12 *226 
10/12 *185 10/9 135 10/3 298 10/14 *241 
10/13 *198 | 10/28 143 10/40 *398 | 11/10 248 
10/14 "244 «10/14 *158 10/13 *27: 

11/1 310 


*Episode data. 


**Post episode—Samples taken after termination of alert. 


matter concentrations (yg.m.~*), September 


1—November 15, 1958 


TABLE 10.—Particulate 


Asteville, | Atlanta, Ga. /Bbirmingham,! Charleston, | Chattanooga, | Cincinnati, 
N.C Ala. W. Va. Tenn. Ohio 

Date Date Date Date Date Date 

9/21 ‘4 10/22 lil 10/16 *97 | 10/28 8Y 9/4 98 | 9/30 126 
10/12 75 9/13 119 g/19 127 9/24 178 9/26 215 9/4 149 
10/24 82 | 10/1 183 | 10/22 233 | «10/8 232 | 10/17 *399 9/3 150 
10/7 95 | 10/15 *367 | 10/17 *319 10/31 *420 | 11/4 465 9/19 180 
1i/il 121 10/5 342 | 11/1 *539 | 10/16 *512 | 10/13 206 
10/15 *188 11/14 708 | 10/20 528 | 10/30 *2908 
10/16 *241 11/10 532 | 10/31 *319 

10/14 *549 


Columbus, |Dayton, Ohio} Greensboro, | Huntington, | Indianapolis, Louisville, 


Ohio N.C. W. Va. Ind. Ky. 
Date Date Date Date Date Date 
o/i 78 | 10/29 76 | 10/5 64 | 10/5 90 9/12 130 | 10/24 147 
10/13 146 | 10/25 84 | 10/9 70 «10/11 117 9/26 159 9/23 188 
O/15 151 9/20 86 | 10/31 97 | 11/2 154 9/9 180 | 11/7 267 
10/31 *172 | 11/19 88 | 10/10 108 | 11/1 *189 «10/17 192 | 10/31 *378 
10/17 174 | 10/10 93 9/7 *133 11/6 250 
10/29 194 9/3 105 10/31 *297 
11/13 232 | 10/31 *199 11/1 "354 
11/1 *267 | 11/1 *206 


*Episode data. 


This experiment was performed to demonstrate that 
forecasts of macroscale meteorological phenomena can be 
used to signify periods of high air pollution potential for 
a large area. Although derived from limited data, the 
results indicate that this can be done. 
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Particulate matter concentrations (uq.m.~*) 


Lake County, Ind. 


e Pittsburgh, Wheeling, 
Pa. W.Va. 
Site A Site B 

Date Date Date Date 

10/15 **121 | 10/15 wae 11/9 82 | 11/3 165 
10/14 *274 11/5 230 | 10/28 136 10/1 232 
11/5 426—s:10/1 298 | 10/12 *534 | 10/14 *291 
10/1 459 «10/14 *305 


ACKNOWLEDGMENTS 


The author expresses his appreciation to all those who 
assisted in collecting the data for this paper. Special 
credit goes to the operators of the National Air Sampling 
Network Stations who volunteered their services. 

Appreciation is also expressed to Mr. J. Korshover and 
Mr. R. C. Wanta, Office of Meteorological Research, 
Washington, D.C.; Mr. T. W. Kleinsasser and Mr. R. J. 
Younkin, Weather Bureau Airport Station, Knoxville, 
Tennessee; and to Mr. E. S. Bennett and the staff of the 
Weather Bureau Office, Cincinnati, for their assistance in 
monitoring the weather in 1957 and 1958. 


REFERENCES 


H. Schrenk, H. Wexler, et al., ‘“‘Air Pollution in Donora, 
Pennsylvania,” Public Health Bulletin No. 306, Washington, 
D.C., 1949, 173 pp. 

2. C. K. M. Douglas and K. H. Stewart, ‘“‘London Fog of Decem- 
ber 5-8, 1952,’’ Meteorological Magazine, vol. 82, No. 969, 

March 1953, pp. 67-71. 

Korshover, “Synoptic Climatology of Stagnating Anticyclones 
East of the Rocky Mountains in the United States for the 
Period 1936-56,’ U.S. Weather Bureau, Washington, D.C., 
Rev. November 1959, 26 pp. (printed manuscript). 


lL. 8. 











MONTHLY WEATHER REVIEW 97 


REMARKS ON THE OPTIMUM SPACING OF UPPER-AIR OBSERVATIONS 


D. C. HOUSE 


Severe Local Storms Center, U.S. Weather Bureau, Kansas City, Mo. 
[Manuscript received July 22, 1959; revised March 9, 1960] 


ABSTRACT 


The optimum time and space distribution of upper-air observations is considered in connection with the detection 
and prediction of instability lines—a mesoscale phenomenon. It is shown that the optimum spacing of observa- 
tional stations is not only a function of the scale of the phenomena to be detected but of observational and analytical 
errors as well. When these errors are considered the optimum network spacing can be determined with regard to 
the dimensions of the atmospheric feature requiring detection. Because actual data are lacking, inferences concerning 
the maximum time and space distribution of upper-air sounding stations suitable for the detection of instability lines 


are drawn from a theoretical atmospheric model. 


1. INTRODUCTION 


The true dimensions of the instability line' have, for 
the most part, escaped detection except for its horizontal 
dimensions at the earth’s surface [1] during the active 
stage. Some theoretical estimates of the dimensions of 
the instability line in the incipient stage can be inferred 
from [2]. However, the problem of detection of these 
lines by upper-air observations is also complicated by 
their relatively short life cycle. When one considers 
that the average dimensions of the instability line are 
of the order of 125 miles long, moving a distance of 175 
miles in 5 hours, it can be seen that the chances of synop- 
tically measuring the vertical distribution of horizontal 
gradients associated therewith are indeed small. The net- 
work spacing within the United States of 220 nautical miles 
(average) and time spacing of 12 hours provide a very low 
probability of the detection of the atmospheric processes 
involved in the production, propagation, and dissipation 
of such phenomena. On the other hand, the time and 
space distribution of surface weather reporting stations 
provides a much better probability of the detection and 
the prediction of the line. Unfortunately, without a 
knowledge of the vertical extent and relative strength 
of the dynamic processes involved in the production of 
intense vertical motion, the forecaster stands little chance 
of gaging correctly the intensity of activity associated with 
the thunderstorms. ‘Likewise, the prediction of the 
formation and dissipation of this activity is handicapped. 

Since the prediction of such phenomena is of economic 
importance, and the successful prediction is dependent 
upon initial observations of the meteorological processes 
involved, the purpose of this paper is to discuss the upper- 


~~ 


‘lhe instability line has been designated by the World Meteorological Organization 
a a ine of incipient, active, or dissipating nonfrontal instability conditions. It is pri- 
ma an analytical tool for indicating the incipient and dissipating stages of squall line 
Phe: mena, 


air observational network needed to improve the detection 
and prediction of these phenomena. 


2. OPTIMUM NETWORK SPACING 


The map analysis of any quantity derived from synoptic 
weather observations is subject to two principal errors. 
One error is the error of measurement inherent in the 
observations themselves, and the other is the truncation 
error due to smoothing of the isolines of the observed 
values. The design of an observational network must 
take both of these errors into account. The optimum 
space and time distribution of observations is dependent 
upon the relation between the errors of observation and the 
gradient of the quantity being analyzed. If the gradients 
involved in the system being analyzed are smaller than the 
gradient of errors, the analysis becomes one of errors 
rather than of the system itself. 

The optimum spatial distribution of radiosonde stations 
is that distance between adjacent stations which minimizes 
the variance about the true horizontal gradient of the 
analyzed gradient (true gradient plus gradient of errors). 
Consider a situation in which two observation stations a 
distance d apart lie along the z-axis, one at z=d/2 and 
the other at z=—d/2. One error arises from observa- 
tional errors and the other from truncation errors. Let 
E, be the root mean square of the observational errors and 
E, be the root mean square of the truncation errors that 
arise in computing the first derivative at the midpoint 
between stations of a quantity y from the observations at 
the two stations. The total error will then be 


E;=,y E?+ E?. (1) 


Let the root mean square error of observation of y be o, 
then 


E,=1%. (2) 





98 


The truncation error is found by forming Taylor’s series 
involving y at d/2 and —d/2. Subtracting the second 
from the first series (after dropping terms of higher order 
than the third) and dividing by d gives a finite difference 
representation of the gradient that differs from dy/dzr by 
a third order term, the truncation error. The root mean 
square of the truncation error is found to be 


2 [TE OV 4 2'y) | 
E=7 Vv eon ) ~ 44/3) (3) 


The total error is then 


d*(y’’ *)3\ 1/2 


— 
E= \ Ei?+ t=(S + F (4!)? (4) 


where y’’’ =0°y/Odz". 


Since it is desired that d be chosen such that £? is mini- 
mized, the first derivative of the root mean square of the 
total error will be made zero. 

Thus 


dE : 4oe? y’ 4?#~\2 oe 


Solving for d gives the condition for optimum d, 


a 
d=2( S77) (6) 


Upon substitution of the finite difference form of the 
third derivative for y’’’, equation (6) is identical to that 
contained in [3]. Under certain conditions a solution can 
be found by using the equation in the manner suggested 
in [3], i.e., as a first guess, the measuring interval is set to 
d and the values of the quantity are selected from the 
observational record. From this an approximate third 
derivative is computed and with o given, a new d is found. 
The process is repeated until the successively derived 
values of d converge. However, for the very short waves 
of interest here, the values diverge; moreover, for short 
measuring intervals the evaluation of the third derivative 
by use of the approximate difference form becomes diffi- 
cult to achieve with accuracy. Under such conditions it 
is necessary to utilize a more rigorous procedure for deter- 
mination of the third derivative in seeking a solution to 
equation (6). 

Given knowledge of the variation in time or space of 
any continuous function it is possible to approximate the 
time or space variation mathematically. The mathe- 
matical expression that describes the variation can then 
be differentiated three times to obtain the third derivative, 
the value of which can then be determined precisely for 
any point along the curve. This value can then be substi- 
tuted into equation (6) and with o given, dis found. This 
is then the d required within the limits of observational 
error to give the optimum finite difference representation 
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of the gradient of a quantity y having a complexity ¢ o- 
scribed by the third derivative around the point of apy. i- 
cation. A greater spacing of stations would result in .; 
analysis such that the real feature would be lost throuch 
smoothing of the isopleths. Any spacing less than i‘). 
optimum would tend to become an analysis of obser, a- 
tional errors. An inspection of equation (6) reveals that 
it has no practical application when y’”’ is zero or infinite 
since the optimum spacing would then be infinite or zero, 
respectively. 


— 


- 


3. COMPUTATION OF NETWORK SPACING 


As indicated above a knowledge of not only the dimen- 
sions of the atmospheric features but a knowledge of 
observational errors is required to determine the optimum 
observational network. Unfortunately, there is little 
published information concerning the standard error of 
upper-air observations. Data secured as a result of radio- 
sonde compatibility tests [4] indicate that an error of 
+50 feet at the 500-mb. level is reasonable. A later study 
[5] using an indirect method estimated this error to be 
about 15 meters or approximately 49 feet. A value of 
50 feet will be used subsequently for ¢ in evaluating 
equation (6). 

The detection and prediction of instability lines are 
dependent, in the main, upon a knowledge of the time 
change of the existing thermal instability. The prediction 
of the intensities of weather phenomena associated with 
these lines is also dependent upon the time rate of change 
of the vertical thermal instability. Consequently, it 
appears desirable to specify the upper-air properties of the 
instability line in terms of a parameter that involves the 
horizontal as well as the vertical thermal structure. Since 
thickness permits us to interpret the horizontal and 
vertical temperature structure it can be utilized. The 
significance of thickness with respect to cyclonic develop- 
ment is discussed in [6], and its relation to instability line 
formation is indicated in [2]. Little is known about the 
true dimensions of thickness and thickness gradients with 
respect to the instability line; however, theoretical compu- 
tations [2] can provide the basis for a beginning. 

Data from figure 7 of [2], reproduced here as figure 1, 
were used to develop table 1, a tabulation of the thickness 
computed for the layer 1,000—500 mb. for points 6, 7, 8, 9, 
and 10 of that study, located a distance of 60 n. mi. apart. 
These data were utilized to construct the vertical section 
shown in figure 2. It was found that this curve is approx- 
imated closely by the equation 


TABLE 1.— Thickness values for layer 1,000-500 mb. through a space 
section normal to an instability line computed from the theoretical 
data of figure 1. Points 6, 7, 8, 9, and 10 are located 60 n. mi. apart. 


Location 6 7 8 9 10 
} 
| 





TN oa cnienctnkanan! 18, 670 18, 705 18, 615 | 
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Figure 1.—Thickness field associated with a theoretically computed 
Computations were made at numbered grid 


(After [2].) 


instability line. 
points which are 60 n. mi. apart. 
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Qn Qn : _ 
Y=Yo—A; cos (7 r}+A, cos (TF r) (7) 


where y=18,660 feet, A,=22.5 feet, L,=120 n. 
A,=40 feet, and Z,=360 n. mi. Differentiation of equa- 


mi., 


tion (7) three times gives 


= — A, (F) sin (F 2)+4,(F) sin (Fz). (8 
y= A(t sin (Fa +A, L, sin (7 2). (8) 


y’’’ was evaluated from equation (8) at r=90 n. mi. 
(location of inflection point) and z=130 n. mi. (trough 
location) and its average value was computed for the 
interval z=50 to s=130 n. mi. Substitution of these 
values of y’’’ into equation (6) gave the optimum spacing 
of stations. The results are given in table 2. 

It can be seen from equations (6) and (8) and table 2 
that the optimum spacing of stations varies according 
to the choice of location at which the third derivative 
is computed. For this reason it appears that the spacing 
computed for the average value y’’’ average for the por- 
tion of the curve most significant to the analysis problem 
at hand should be considered the optimum. In the 
case at hand a spacing of stations 93 miles apart would 
assure the detection of the feature when both observational 
and analytical errors are considered. The corresponding 
optimum time interval for observations, on the assump- 
tion of a translation of the pattern at a speed of 30 m.p.h., 
is 3.1 hours. 

At this writing knowledge of the dimensions of incipient 
instability lines is so meager there is no way of knowing 
the deviation of the above data from that averaged from 
a large number of cases. It is clearly evident, however, 
that establishment of such an average or mean dimension 
is dependent on a greater time and space density of 
stations. 

Preliminary analyses of data secured from a few air- 
craft traverses through instability lines during the incip- 
ient stage indicate that important waves may exist 
whose ratio of wave length to amplitude is smaller than 
that used in the theoretical computation above. The 
significance of the theoretical study is that operational 
experience indicates that a feature of that size or larger 
is probably in existence in about one-half the cases a short 
time before the development of thunderstorms along the 
instability line. 


TABLE 2. 
values of \y 


The optimum spacing (d) of stations corresponding to 
""! at the inflection point (rx=90 n. mi.) and trough 


point (r=130 n. mi.), and its average over the interval r=450, 130 
n. mi, 
| r r d 
n. mi, ft. (n, mi nh. mi. 
Inflection point _- 90 3.44 X 10 70.4 
Trough point 130 1.45 X 10-8 93. 8 
Average. - _. ‘ 50-130 1.3 xX lO 92.2 
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4. CONCLUSIONS 


The above considerations indicate clearly that the 
optimum time and space density of observations is a 
function not only of the observational errors but a function 
of the truncation error as well. Obviously, then, the 
time and space density of upper-air observations and 
analyses thereof must be such as to insure the capability 
of detecting the smallest atmospheric feature important 
to the particular forecast problem. When these errors 
are considered the optimum network spacing then can be 
determined with regard to the dimensions of the atmos- 
pheric features requiring detection. 

From a research or forecasting standpoint, it is obvious 
that a greater density of upper-air sounding stations is a 
necessity if we are to determine with certainty the dynamic 
processes that result in the formation, propagation, and 
dissipation of the instability line. Although a network 
as dense as that suggested here by the computation of 
optimum spacing for incipient instability lines may never 
become economically feasible for routine forecasting, it 
is also obvious that the existing network is much too sparse 
to provide the basis for any appreciable improvement in 
the forecast. This is because the extent to which the 
forecaster is able to decrease his forecast errors is limited 
by the extent to which the observational network ap- 
proaches an optimum design with respect to the scale of 
the phenomena which he must predict. 

A recent study by Gleeson [7] suggests a method for 
computing the probabilities of observing an atmospheric 
feature of a given size. Using this approach and the 
dimensions of the theoretically derived instability line [2], 
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it appears that the detection of the existence of suc a 
feature by the existing time and space distributior of 
radiosonde stations does not exceed a probability of 10 
percent. Doubling the number of stations would incr: se 
the probability of detection by about 20 percent. 

The foregoing considerations indicate clearly tha: a 
network of rawinsonde stations at least double the existing 
number, and taking observations at 6-hourly intervals, 
supplemented by winds aloft stations, would result in a 
significant improvement in the detection of the phenomena 
in the incipient stage, and thus the prediction of the 
active stage. 
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ABSTRACT 


Comparative evaporation measurements for both BPI sunken and WB Class A pans at Fort Assiniboine, Mont., 
for an 8-year period, are reported and are subjected to several elementary analyses which indicate that pan-to-pan 


ratios determined in one area are not necessarily applicable to any other. 
of ratios from several widely separated points in the nation. 


and mean) are also tabulated and discussed. 


1. INTRODUCTION 


The need for more useful water loss information has 
been reflected during the last 20 years in a fairly large 
number of studies devoted to evaporation and transpira- 
tion. In an effort to determine the relationship between 
Weather Bureau (WB) Class A and Bureau of Plant 
Industry (BPI) sunken evaporation pans at one of the 
more northerly latitudes of the United States, evaporation 
measurements were made from both types of pans, exposed 
adjacent to each other in the instrument enclosure of the 
climatological station at North Montana Branch Experi- 
ment Station, Fort Assinniboine, Mont. (near Havre). 

As both types of pans have been used extensively across 
the nation, the physical characteristics of each require only 
brief description. Both are illustrated very well by 
Kohler [1] in his photographs of pan installations at Lake 
Hefner. Briefly, the WB Class A pan is 48 inches in 
diameter and 10 inches deep. This pan is exposed on 
spaced 2 in. x 4 in. lumber so that its bottom is a little 
above the ground and air can circulate beneath the pan. 
The water is maintained at a depth of about 7 or 8 inches. 
On the other hand, the BPI pan is 72 inches in diameter 
and is 24 inches deep. It is set in the ground to a depth 
of 20 inches, leaving about 4 inches of the pan rim standing 
The BPI water level is maintained 
Micrometers exposed in 


above the soil surface. 
ideally at near the ground level. 
stilling wells were used for measuring daily evaporation 
amounts in both pans. Both were exposed in a fenced 
enclosure, with a free flow of air over both water surfaces. 
Wher the BPI pan developed a leak early in the 1957 
, it was abandoned, and the Class A pan has since 
been used for evaporation measurements for the Experi- 
ment Station. 


SCUS( 


The latter point is shown by a comparison 
Comparative pan temperatures (maximum, minimum, 


Figure 1 is a photograph of the Fort Assinniboine instru- 
ment enclosure as it was throughout the period of compari- 
sons. The installation is standard except that in an 
attempt to have one anemometer serve both pans, this 
instrument was not mounted on the Class A pan base, was 
some 15 inches higher than standard above the pan rim, 
and was located several feet from both pans. While these 
factors would tend to produce slightly higher wind move 
ments than a standard installation would have, the fact 








Assinniboine, Mont. Instrument 


BPI pan is in center foreground of enclosure, 


Figure  1.—Fort 
(looking north). 
Class A pan on left, and ground level anemometer behind the 
Class A pan. 


exposure 
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remains that, in cases of this kind where wind movement 
is fairly large in any case, effects of this factor on total 
evaporation are small. 

Considering the large number of evaporation installa- 
tions of either Class A or BPI sunken types, it is quickly 
recognized that available evaporation data in terms of 
either pan can be increased considerably across the nation 
if simple conversion factors for computing reasonable 
values of one pan from observations of the other can be 
determined either experimentally or theoretically. In 
fact, if the required theoretical parameters can be more 
easily measured or estimated than actual evaporation, for 
some locations it may be possible to achieve reasonable 
and usable estimates without the need for several years 
of actual measurements. The purposes of this paper are 
to report actual comparisons at Fort Assinniboine over an 
8-year period; to compute theoretical evaporation for the 
part of the period for which the necessary parameters are 
available; to compare these theoretical, or analytical, 
results with actual measurements for the same period; to 
summarize water temperatures for both pans for about 
five years; and to discuss the results and some of their 
possible applications. 


2. COMPARATIVE EVAPORATION MEASUREMENTS 


Table 1 lists monthly evaporation totals for both pans 
for the 8-year period, 1949-56. Measurements are not 
practical for the period October—March, inclusive, be- 
cause of ice problems associated with freezing temper- 
atures, and only occasionally is a partial month of meas- 
urements obtainable in April. Comparison of actual 
measurements is available, therefore, only for the five 
months, May-September. In a few cases adjustments 
were made for inconsistent data, by deleting measurements 


TABLE 1.—Monthly evaporation (in.) Fort Assinniboine, Mont., 
latitude 48°30’ N., longitude 109°48' W., elevation 2687 ft. M.S.L. 


Year April May June July August | Septem- | Seasonal 
} 


er 


BPI Sunken Pan (2) 


| 








1949 6. 40 | 6.99 8.13 9. 31 9. 44 6.17 

1950 3. 88 | 5, 82 5. 63 7.03 6.03 4. 56 

1951 | 6. 26 4.55 7.50 6, 62 3. 36 

1952 5. 43 5. 87 7. 84 8.08 7. 66 5.17 

1953 2.15 4.39 5.33 | 7.71 7.74 5.23 | 

1954 5.97 5. 30 8.39 5.59 | 3.99 | 

1955_. } 4.53 | 6. 68 5.79 8.04 5.06 

1956 4. 56 7.95 | ae. 4 7. 98 4.35 

Average 5. 55 | 6.43 | 7. 69 7. 39 4.74 | 31. 80 

Class A Pan (y) 

1949 9. 53 10.00 11.24 12. 95 13.01 8. 25 

1950 5. 95 8. 04 8.73 9. 86 8. 47 6. 28 

1951 9. 93 6.77 11. 36 9, 27 4.78 

1952 7.41| 853 | 11.56 12.04 10. 95 7.50 

1953 3. 42 | 6.82 | 7.88 11.46 | 11.60 7. 68 

1954 | 8.66 | 7.67 | 12.82 8. 51 5. 83 

1955 | 6. 34 9.15 | 8.64 | 11.94 6.78 | 

1956 7.43 12.13 11.46 | 10.71 6. 75 

Average 8. 33 9. 39 11. 32 10. 56 6. 73 46. 33 
y/r. : 1. 50 1. 46 1.47 1. 43 1.42 1. 46 
rly . 666 . 684 . 679 . 700 . 704 . 686 
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TABLE 2.—Average inches of evaporation, 1949-1956, and y/x ro jog 











Montana y/z 
——————S i. Ser — \ a —_ q — 
BPI (z) | Class A (y) | Montana, } Kansas, 
| Syrs. | I4y 
_. aes ’ iE 5.55 | 8.33 1.50 | 1.48 
June- 6.43 | 9. 39 | 1. 46 | 146 
July a 7. 69 | 11. 32 | 1. 47 | 1.45 
August Svein 7.39 | 10. 56 1.43 | 1.44 
September. . : 4.74 6.73 1. 42 | 1. 45 
Season. : a 31.80 | 46. 33 1. 46 | 1.46 
| 





TABLE 3.—Evaporation ratios, other experiments (after [1}) 


y/z Location Period 

1.30 Lake Kickapoo, Tex January 1950—-December 1951, 
1.20 | Buchanan Dam, Tex.. January-December 1950. 
1.33 | Denver, Colo. __- June-—October 1916. 

1.25 | Balmorhea, Tex_- April 1941-December 1948. 
1.28 | Pardee Reservoir, Calif January 1930-December 1944, 
1.29 | Yuma Field Station, Calif January 1937-December 1939, 
1.21 | Fullerton, Calif. _—. ; January 1937—-December 1939, 
1.35 | Lake Hefner, Okla___ May 1950-August 1951. 


from both pans. This expedient was employed for only 
four dates for the entire period, and does not affect com- 
parison because daily data from both pans were deleted 
when the measurement from either was questionable. 

With y designating Class A evaporation and x BPI evap- 
oration, monthly y/zr ratios varied between 1.42 (Septem- 
ber) and 1.50 (May), following closely the ratios reported 
in the preliminary report of the first 4 years of compari- 
sions [2]. The seasonal y/z ratio, 1.46, agreed exactly with 
the results of 14 years of similar comparisons at Hays, 
Kans., for the slightly longer April—-September 6-month 
period (the 5-month y/r ratio at Hays is 1.45) [3]. It 
seems, therefore, that the seasonal y/r relationship has 
been determined experimentally, at least for areas similar 
to Hays and Fort Assinniboine, within narrow limits (see 
table 2). However, in comparing these two seasonal 
results with results at several other locations (table 3), we 
find important differences, with the y/r ratio ranging from 
1.20 at Buchanan Dam, Tex., to 1.35 at Lake Hefner, 
Okla. Noting that seasons for all eight points listed by 
Kohler [1] varied from one to seven months longer than 
the season for Fort Assinniboine, the immediate suggestion 
is that measuring seasonal evaporation only, and basing 
full year relationships thereon, cannot be justified. This 
suggestion is strengthened by the fact that the highest of 
the eight y/r ratios (outside of Fort Assinniboine and 
Hays), 1.33 at Denver and 1.35 at Lake Hefner, are also 
seasonal figures, while full-year comparisons at six of the 
eight yielded y/x ratios between 1.20 and 1.29. 

On the possibility that May—September seasonal y/? 
factors would differ from those for full years or other sea- 
sons, a few were computed on the 5-month season basis for 
comparison. These are listed in table 4. Differences were 
found, but they are seen to be quite small. The figures 
serve to confirm that comparisons made in one section of 
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Tap .E 4.—Comparison of 5-month seasonal values of y/x with values 
for other periods 











y/z 
Location 

5-month Periods of other 

period length 
a Ag SG. oo ubbbbaminbntsasnsancees 1. 46 | 
See nator EEE Se 1.45 | 1.46 (6 months). 
Lake [lefner, Okla__--- aS Cee 2 pee eee 1.31 | 1.35 (annual). 
ON EE ST eee 1.19 | 1.20 (annual). 
Lake Kickapoo, Tex... - ‘ SE Eel i See 1.27 | 1.30 (annual). 








the nation are not necessarily representative of other 
areas, and that geographical (and associated) differences 
between locations are probably at least as important as 
seasonal considerations. 

The difficulties in making accurate evaporation measure- 
ments are well known, and appear to have had their effects 
on the measurements at Fort Assinniboine. Such things 
as heavy rains splashing out or in, high winds splashing 
water out of one or both pans, setting micrometer gages 
under high wind conditions, and pans overflowing from 
heavy precipitation, all make comparative daily measure- 
ments difficult and will explain some of the daily evapora- 
tion variation between pans. Most of the variation seems 
due, however, to consistently lower daytime temperatures 
of the sunken pan. The only days on which the sunken 
pan had a warmer maximum temperature were those with 
rapid cooling of the atmosphere in the area, and the sunken 
pan, due to a larger mass of water and heat stored both in 
water and surrounding earth, was slower to cool. Com- 
parative pan water temperatures are discussed in a later 
section. On the basis of these comparisons it appears that 
the y/x ratio experimentally determined at Fort Assinni- 
boine has application only in areas limited to similar sea- 
sonal and possibly latitudinal conditions. 


3. ANALYSIS OF CLASS A AND BPI EVAPORATION 


In the preceding section May—September comparisons 
of Fort Assinniboine evaporation from the two types of 
pan appear to produce a rather high y/z ratio (1.46), 
even though the ratio agrees almost exactly with that for 
Hays, Kans., for a similar season. Full year experimental 
comparisions at other points show an annual ratio of 
about 1.25. It appeared possible, in view of this large 
difference, that Fort Assinniboine might experience a 
marked lowering of the y/x ratio during winter. The 
reasoning which suggests this possibility is that, during 
the warmer season of the year when air temperatures aver- 
age warmer than soil temperatures, there would be some 
water heat loss through the sunken pan into the ground, 
part'cularly during the warmest period of each day. 
(Messurement of air and soil temperatures at the 20-inch 
dept!: at Bozeman, Mont. during summer months, shows 
that mean air temperature during summer runs 2° to 
4° F warmer than that of soil at the 20-inch depth— 
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the depth of the bottom of the BPI pan. The same 
record shows that this temperature gradient reverses 
during the winter, with even greater differences.) At 
Silver Hill, Md., the Weather Bureau has found that in- 
sulating the BPI sunken pan against heat loss increases its 
evaporation 6 to 8 percent. On the other hand, during 
the colder months at Fort Assinniboine (not comparable 
at all with Silver Hill), if evaporation were measureable, 
much of the time heat traveling through the BPI pan 
from the ground through the water (or ice) to the air 
(reverse of warm season) could be expected to reduce the 
y/z ratio appreciably by keeping the sunken pan tempera- 
ture warmer relative to the air than during the summer, 
and increasing its comparative evaporation as a result. 

An attempt was made to show heat loss to the ground 
through the BPI pan by computing evaporation from that 
pan first by using air temperature, dew point, radiation, 
and average daily wind movement (table 5), and compar- 
ing these results with evaporation computed from water 
surface temperature instead of air temperature in Dalton’s 
[4] equation 

E=(e,—e,) (a+bu). 


However, the results made it apparent that the equation 
developed from BPI data at Lake Hefner (where [1] gives 
a=0.253 and 6=0.004), is not applicable to Fort Assinni- 
boine. The author cannot find the reason (or reasons) 
for this but further study appears desirable. It may be 
that heat loss through the pan from air to ground may 
have been most significant during the warmest part of 
the day, when evaporation rates were highest, and air 
temperatures averaged some 6° to 8° F. warmer than BPI 
pan water. At night, when BPI pan minimums ran 8° 
to 10° F. warmer than air, such factors as air temper- 
ature, differences in air and water vapor pressure, radia- 
tion, and wind were all at levels contributing to lowest 
diurnal evaporation rates. This is discussed in the section 
which follows. 

In table 5 are listed data used in computations, which 
are based upon Penman’s [6] equation, 


> l ; 
i= (Q,4+7E,), 


where A is the slope of the saturation vapor-pressure vs. 
temperature curve (de,/d7) at air temperature 7,; E, is 
the evaporation given by the aerodynamic equation, as- 
suming water temperature (7',) equal to air temperature; 
(), is the net radiant energy expressed in the same units 
as FE; and y is defined by the equation 


R=y ( T.— ? 
. €,— Ca 


The appli- 


in which PR is Bowen’s [7] dimensionless ratio. 


cation to Fort Assinniboine data follows exactly the pro- 
cedures outlined in [5]; in fact, use of the graphs of [5] 
yields results varying insignificantly from the computa- 
tions, although actual computations were made and are 
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Tasie 5.—Analytical computation of Class A and BPI pan evaporation using Havre and Fort Assinniboine meteorological data, 195. -57 
= 
1 2 | ges ee | 5 | 6 7 | , vere 11 
| | 
Computed | Computed | Ratio Average | Pan Coeff. | Pan Cv eff, 
Month | 9, T | R | U, | ClassA | BPIEvap. | Class A | 1955-57 Class| from Comp. | from ‘ bs, 
| | | Evap. BPI |A Pan Obs.| — Evap. Ev 
} Evap. 
| } | | aaa ee — 
January -._. x ives hn Aiehaidlag ahaa 10.4 4.0 | 156 | 155 0.90 | 1.26 | 0.71 
February. a REE SRR eS 16.9 | 9.3 | 250 | 185 1.28 1.61 | .79 
I iia yntasiamipatenee ndeaeeddns “l 29.3 | 17.7 381 | 179 | 2.98 | 2. 87 1.04 
CaS, GSAT I TIED im 41.9 26.3 459 | 169 4.77 | 4.29 | 1.11 | 
May iiotieaiesa bie slalesbibiassia iudieeeeigbap desig 55.6 37.6 517 | 147 | 7. 46 5.83 | 1.28 7.95 
June....-.- ipebtieiion poate 63.7 | 44.7 625 | 153 | 10.00 | 7.17 | 1,39 9. 83 
July-. piled wee pratedeantpenintileglatieis 70.7 49.7 | 624 133 | 11. 36 | 7.97 | 1, 42 | 11.61 | 
August REAM: 45.3 | 542 | 128 10. 02 | 7.16 | 1. 40 | 11.00 
September.....--____- AMES NN AS 57.1 38.3 | 405 | 124 | 6.19 | 4.86 | 1.27 | 5. 89 
October. - -. pele <catdbsgcaetideccmcizaach 2\ ey 30.7 253 | 141 | 3.90 | 3. 44 | 1.13 | 
November-__._ ._. hotedinis pinsidiadaiplbaiiness 27.6 | 17.0 | 152 166 | 2.04 | 2.04 | 1.00 | 
0 RCE RT CRE IT 24.2 | 12.7 114 | 176 | 2.01 | 2.02 | 1.00 
EES he ee ee, SS | | 45.03 | 32.99 | 1. 36 46. 28 . 665 | . 647 
Annual... eS SS PS Se 62.91 | 50. 52 1,25 | - 661 | 


| ! 





T., Average air temperature (°F.) 1955-57 for Havre, Mont. 
Ta Average dew point (°F.) 1955-57 for Havre. (Values for Aug.~Dec. 1957 and Jan. 
1955 estimated from surrounding stations.) 


listed in table 5. The May-—September y/r ratio, based 
upon computed evaporation, turns out to be 1.36, com- 
pared with 1.46 for the 8-year observed ratio. This 1.46 
value was remarkably stable from year to year, suggesting 
the possible conclusion that computed BPI pan evapora- 
tion is too large, through not allowing for sufficient heat 
loss through the pan during the season of highest evapora- 
tion rates. This 1.36 value might be considered an esti- 
mate of what the season y/r ratio would be if the BPI pan 
were insulated, representing a possible increase of about 
11 to 12 percent in evaporation from the sunken pan as 
compared with the 8 percent increase determined experi- 
mentally at Silver Hill. 

Because the Class A pan seasonal coefficient was com- 
puted to be 0.665 (factor for yielding lake evaporation 
from Class A totals), while the coefficient from observed 
data was 0.647, it may be concluded that the analytical 
Class A computations produce results not significantly 
different from observed data. This has been the experi- 
ence at Lake Hefner [1] and Lake Mead [8] for longer 
seasons, and leads to the assumption that the analytical 
computations for the full year at Fort Assinniboine are 
reasonably good. In the 6th and 7th columns of table 5 
it is interesting to note that the computed evaporation 
from the BPI pan is larger than similar computations for 
the Class A pan during midwinter, and is about the same 
during early spring and late autumn. It is during mid- 
summer that the Class A pan evaporates much more than 
the sunken unit, and because evaporation volume is the 
highest at about the same time the monthly y/z ratio is 
largest, the winter reversal of the y/z ratio has only 2 small 
effect on the annual totals. Table 5 covers only the 3 
years for which data for the computation method were 
available, but since the y/x observed ratio varied within 
a range of less than 0.10 from year to year, any changes 
from computing for the entire 8-year period would neces- 
sarily be small. 

It should be noted from this table 5 that temperature 
and dewpoint data from Havre (8 miles northeast of, and 


R Average radiation, Langleys/day (interpolated from Great Falls and Glasgow ob- 
served radiation). 
U, Average pan wind, mi./day (Fort Assinniboine Class A pan). 


200 ft. lower elevation than Fort Assinniboine) were 
used. Climatologically, these two places are not identical, 
Fort Assinniboine has much more wind than Havre, and 
the Havre temperature averages 1.3° F. warmer through- 
out the year. This use of Havre temperatures, because 
of their higher average than the evaporation pan location, 
tends to produce higher computed evaporation values 
than if suitable temperature data had been available for 
Fort Assinniboine. Havre dewpoints would also be ex- 
pected to run higher than Fort Assinniboine’s, and this 
factor would produce lower computed evaporation values. 
Further, Havre has a valley bottom location, Fort Assinni- 
boine is on a relatively flat plain; Havre rainfall runs 
nearly 10 percent greater than at the Fort, and the Havre 
instrument site has less sunshine than Fort Assinniboine. 
The computed values, then, must be considered rough 
estimates and as an example of the analysis possible if 
suitable data were available. Their value is in providing 
evaporation loss estimates for the part of the year when 
measurements are impractical. 

The seasonal (May-—September) y/z computed ratio 
(column 8 of table 5), when compared with observed 
ra ios (table 1), reveals large differences in May and June 
(1.28 vs. 1.50; 1.39 vs. 1.46), two months when heat loss 
through the sunken pan should be large because rapidly 
warming atmosphere and much more slowly warming 
earth would produce a large heat gradient toward the 
ground. The large difference in September (1.27 vs. 1.42), 
although not as large as in May, is not easily explained, 
and probably reflects some of the limitations of the data 
used in the computations. 


4. WATER (BOTH PANS) AND AIR 
COMPARATIVE TEMPERATURES 


Tables 6-8 list monthly water temperature averages 
for the two pans. Although a leaking BPI pan destroyed 
evaporation comparisons during 1957, water temperature 
measurements were continued for both units until the end 
of September, yielding a fraction more than five se: sons 
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TasLE 6.—Comparison of WB Class A and BPI sunken evaporation 
pan temperatures, Fort Assinniboine, Montana 








Average Pan Maximum Temperature 























{— $$$ _—_—__—_ —EEE 
Year | May June os Pe. July | August September 

Ee OE Le aoe 4. —— 

| A BPI A BPI! A BPI | A BPI; A BPI 
— ome - | a <2 a ee _— ened 
ee: | 78.6 74.8] 70.9 67.2 
ae | 65.7 59.8 73.1 69.2 82.2 77.6| 80.0 74.9! 71.0 65.8 
1954 --.--------| 69.4 62.8] 71.7 65.6] 84.1 77.2| 784 74.2| 69.2 64.6 
1055......---:-.!| 61.3 58.0 | °67.7 66.8 | °75.2 72.6] 82.1 74.9 644.3 60.8 
aD. adigmadiimaniaon | 64.9 60.8 76.9 71.1 | *82.0 75.7) 76.8 72.3 65.9 62.9 
RR | *66.6 61.9 73.4 69.2 | 82.1 74.3 | 79.2 73.6 68.9 64.6 

i | 
Total.......-.--| 327.9 303.3 | 362.8 341.9 405.6 377.4 | 475.1 444.7 | 410.2 385.9 
SSDS ct 2 S-) SD 5 | 6 6 6 6 
Average......--| 65.6 60.7 | 72.6 68.4] 81.1 75.5) 79.2 74.1 68.4 64.3 
Diff wae 4.9 | 4.1 5.6 | 5.1 4.1 





*These values differ from those published in Climatological Data for a variety of reasons. 
In some cases data for one pan were not used here if data for the other were unobserved 
for any reason, and in others small errors have been found in the publication which are 
being corrected. 


TABLE 7.—Average pan minimum temperature 








May | June July August | September 
Year ewe ST Ley, ae Pes Ce pate ae 
A BPI A BPI A BPI; A BPI A BPI 
1952. | 52.6 60.3 45.5 52.6 
1953 42.5 48.7) 52.0 457.4 55.5 65.1 53.3 62.1 45.6 53.5 
1954 * .| 44.4 51.6 49.4 56.2 56.8 65.4) 56.8 62.4) 467 53.9 
1955 43.4 49.7 | "50.7 59.6 57.0 63.5 53.8 62.5 | "41.7 *50.0 
1956 45.2 52.3) 52.7 60.0 | "56.4 64.0] 53.8 60.1 | 44.9 52.0 
1957 “ ...-| *47.0 52.9 53.9 59.8 56.7 59.8 | 54.7 61.2 | 45.6 51.6 
Totals___- 222. 5 = 2 | 258.7 293.0 | 282.4 317.8 | 325.0 368.6 | 270.0 313.6 
Ee 5 5 5 5 5 6 6 6 6 
Average 44.5 si. 0 51.7 58.6 56.5 63.6 54.2 61.4] 45.0 652.3 
Diff 6.5 5.9 7.1 7.2 7.3 
*See note to Table 6. 
TABLE 8.—Average pan water temperature 

May | June July August September 

Year es a al a ; : zs adel e " uiaoan 

A BPI A BPI A BPI A BPI A BPI 
1952 65.6 67.6 | 58.2 59.9 
1953 54.1 54.3 | 62.6 63.3 68.9 71.4 66.7 68.5 58.3 58.7 
1954 56.9 57.2 60.6 60.9 70.5 71.3 67.6 68.3 58.0 59.3 
1955 | §2.4 53.9 59.2 63.2 | 66.1 68.9 68.0 68.7 53.0 55.4 
1956 | 65.1 56. 6 64.8 65.6 69.2 69.9 65.3 66.2 55.4 57.5 
1957 56.8 57.4 64.7 64.5 69.4 67.1 67.0 67.4 57.3 58.1 
Totals _..| 275.3 278.4 | 310.9 317.5 | 344.1 347.7 | 401.2 406.7 | 340.2 348.9 

Years. __- 5 5 5 5 > t.2 6 6 6 

Average 7 55.1 55.9 | 62.2 63.5 68.8 69.5 66.9 67.8 56. 7 58. 2 
Diff : 0.8 | 1.4 0.7 | 0.9 1.5 





of water temperature comparisons. In table 9 appear 
average air temperatures for the same periods. 

Pan average maximum temperature (table 6) was rather 
consistently warmer from month to month in the Class A 
unit, although occasionally a day with rapid cooling of the 
Weather in general would produce a higher sunken pan 
water temperature. This consistent pattern (27 months) 


seenis to imply some actual heat loss from the sunken pan 
to the ground, at least during the warmest (and highest 
evaporation) part of the day, although a large part of 
the lifference, of course, is caused by heat radiation on 
the sides of the Class A pan. 


In table 7, however, we 


MONTHLY WEATHER REVIEW 105 








TABLE 9.—Average air fomparetane, Fort, Assinniboine 
Year | May | June | July | August September 
Maximum 
1952... , | “41 76. 2 
od 61.7 | 70.3 84.1 86.1 75.1 
1954_ chon 63.9 70. 5 87.1 78 6 68.7 
1955 62.3 73.5 78.0 | 86.0 69.6 
1956 ; : 65. 6 78 9 83.0 80. 6 71.3 
1957_ nivtiog 71.5 74.3 88 8 81.5 71.3 
Average. 65.0 73. 5 84.2 82.8 72.0 
Class A Average... 65. 6 72.5 81.1 79.2 68 4 
BPI Average 60.7 68 4 75.5 74.1) 4.3 
Minimum 
1952_ Sahat thin 49.7 45.0 
1953... ... aihiaed 38. 1 48.1 53. 6 51.9 4.2 
1954_ 39.2 48 0 55.9 4.4 445 
 —= 40.2 47.5 5A. 5 0.9 39.9 
1956_. _- 41.9 51.1 53.9 51.2 43.2 
1957_ er 41.8 48 7 55 4 52.7 43.5 
Average. jellies 40.2 48.7 4.7 51.8 43.4 
Class A Average. __- 44.5 51.7 56. 5 54.2 45 0 
BPI Average_. 51.0 58 6 63.6 61.4 52 3 
Mean 

1952_-..- ‘ 66.9 60.6 
1953 _ 49.9 59. 2 68.9 69.0 59.7 
1954_ 51.6 59.3 71.5 66.5 6.6 
1955 51.3 60.5 66.3 68 5 48 
1956 53 8 65.0 68 5 65.9 47.3 
1957 56 7 61.5 72. 1 67.1 57.4 
Average 27 61.1 69 5 67.3 57.7 
Class A Average 55. 1 62.1 68.8 66.9 56.7 
BPI Average 55.9 63.5 69. 5 67.8 58. 2 


find that the pattern reverses; the sunken pan had con- 
sistently warmer minimums except for an occasional day 
when a marked warming covered the area, warming the 
Class A unit more rapidly than the other. Because the 
BPI unit was warmer only during the portion of the day 
with lowest overall evaporation rate (night), it may be 
assumed that even though the BPI pan might have a 
higher nighttime evaporation rate than the Class A, this 
effect must be more than offset by the increased Class A 
ratio during the heat of the day, caused by higher tem- 
peratures, possible wind differences, and other diurnal 
factors. A brief experiment with sunrise and sunset 
readings for part of asummer season seems to be suggested. 

For the average overall temperature for both units, 
the BPI pan ran about 1.2° F. warmer than the Class A. 
The result must be considered along with duration of day 
and night during the season sampled. During June the 
period between sunset and sunrise lasts only 8 to 9 hours, 
and only for a portion of that period would the Class A 
water be cooler than the sunken pan water. With sun- 
light lasting 15 to 16 hours, and with the Class A water 
warming quickly after sunrise, it seems evident that the 
Class A water temperature would normally be the warmer 
of the two for at least 14 hours of each day. This could 
be tested by a short period of hourly observations (a 
month or so), or by distant recording thermographs with 
temperature elements immersed in the water. 

Table 9 lists average air temperatures, with water 
temperatures for the two pans included for convenience 
in comparison. It is interesting to note that sunken pan 
temperatures compare more closely with air average 
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means; they average much warmer than air in the average 
minimum category; but in the very important average 
maximum category, sunken pan water temperature 
averages much cooler. The water average maximum 
temperature for the Class A pan runs slightly cooler 
than that for air, probably due to evaporational cooling 
during the warmest part of the day. In another experi- 
ment of this kind it would be well to develop characteristic 
daily temperature curves for air and Class A and BPI 
water. The Fort Assinniboine results suggest that com- 
puting daily average water temperatures on the same 
basis (maximum plus minimum divided by 2) as for air, 
may be worth experimental study to determine its valid- 
ity as a practice. 
5. REPRESENTATIVENESS OF DATA 

Table 10 lists comparative Class A evaporation figures 
as available in North Central Montana for the period the 
two pans were compared at Fort Assinniboine. A ques- 
tion arose as to whether Class A evaporation at that point 


was too high and not representative for an area. Tiber 
Dam, situated about 75 miles west-southwest of Fort 


Assinniboine, during the eight years of comparison came 
very close to Assinniboine totals in five years. Malta, in 
the bottom of the Milk River Valley, showed much less 
_evaporation, but there the pan is in an area of much less 
wind movement and of somewhat higher relative humid- 
ity. Considering the Fort Assinniboine exposure along 
with results listed in table 10 for Tiber Dam, data from 
each seem to support the other, and probably indicate that 





TABLE 10.—Seasonal evaporation, North Central Montana, WB 
Class A installations (May—September, incl.) 
Year Fort Assin-| Tiber Dam Malta Lonesome 
niboine | | Lake 
-_-—-— — —-———} -- — | — — — — ————E 
1949_. 55. 45 52. 99 33. 41 49.05 
1950 2. 28 39. 47 26. 22 
1951. 42.11 2.06 37. 87 
1952 50. 58 47.03 27. 63 37. 54 
1953_. 45. 44 41.55 28. 98 37. 89 
1954__ 43. 49 38.17 21. 95 cities 
1955... Eee 42. 85 36. 7! 27. 26 
1956 48. 48 TOTO Be tencect 
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while Fort Assinniboine seasonal evaporation may be h +h, 
and may be near the maximum for the area it represe ts, 
it still represents a large (perhaps as much as 3,500 sq. 
mi.) section of plateau country between the Milk ind 
Marias River Valleys (Tiber Dam is on the Marias Riv or), 
Reference to figure 1 will show the type of level plateau 
on which Fort Assinniboine is located. 
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Weather Note 


TWO UNIQUE EASTERN PACIFIC HURRICANES OF 1957 


RUE E. RUSH 


Weather Bureau Airport Station, Honolulu, Hawaii 


(Manuscript received March 18, 1959; revised March 21, 1960] 


1. INTRODUCTION 


Most storms forming in the area southwest of Man- 
zanillo, Mexico begin moving westward, but quickly re- 
curve, move northward, lose their tropical identity, and 
fill rapidly. A few, with a higher energy level than usual, 
or supplemented by extratropical systems to the north, 
move far enough to the north to bring rain, and less often, 
high winds to southern California. Others curve to the 
northeast and move toward or into Mexico until they 
dissipate. At least one crossed into the Gulf of Mexico [1], 
moved over that body of water, and reached Florida. A 
very few do not recurve at all, but continue a general 
westward movement. In 1957 two of these latter pro- 
gressed far beyond the normal paths. 

This paper attempts to analyze these storms, in some 
measure to explain the reasons for westward movement, 
and to evaluate conditions which caused the early demise 
of the first, Kanoa, and the intensification of the second 
at a latitude where normally a change to extratropical 
type of storm would be expected. 

Analysis and evaluation were severely limited by lack 
of data. Unlike the Caribbean-Atlantic and the western 
Pacific areas where many previous studies have been made 
on tropical storms, the area between Hawaii and Mexico 
is completely without upper air data and virtually without 
surface data. These limitations preclude accurate appli- 
cation of suggested forecast techniques for long periods in 
the lives of the storms, or may even rule out an approach 
completely. An example of this is clearly shown in the 
case of Kanoa, where the Riehl-Haggard [2] method was 
inapplicable because the southern part of the grid extended 
into an area where even normal height charts are subject 
to suspicion. 


2. THE FIRST STORM, KANOA 


Kanoa was first recognized in a bulletin issued by the 
San Francisco Weather Bureau office at 0700 aut, July 
15, 1957. The bulletin, based largely on a report from 
the ship Gravel Park, which reported a westerly wind of 
45 knots and a pressure of 998 mb. at 2000 em, July 14, 
placed the center about 750 miles southwest of Manzanillo, 


Mexico. The San Francisco office continued issuing bul- 
letins until 0900 emt, July 18, when lack of data forced 
abandonment. 

However, three days later, at 0300 cmt, July 21, the 
ship Cape Horn, located near 15° N., 130° W., reported 
67 m.p.h. winds and very high seas with precipitous swells. 
On receipt of this information, the San Francisco office 
resumed issuance of advisories, now raising the storm into 
the hurricane category. The Cape Horn remained either 
in or on the periphery of the storm for the following four 
days, rendering invaluable aid in charting the course and 
intensity of the storm. 

On July 22, a plane from the 57th Weather Recon- 
naissance Squadron, Hickam Air Force Base, Oahu, 
located the eye, about 40 mi. in diameter, and estimated 
the maximum sustained winds to be 70 kt. with gusts to 
100 kt. The next day the ship Elba added reports that 
were extremely helpful in the analysis of the situation. 
The Air Force reconnaissance continued daily until the 
storm filled and winds dropped below 35 kt. 

Normally, data southeast of Hawaii are conspicuous by 
their virtual absence. In this case, though, Kanoa trav- 
elled almost the same path as the shipping lane between 
Hawaii and the Canal Zone. This coincidence provided 
enough data to allow excellent results in forecasting 
movement and character of the storm. 

As the storm neared the 140th meridian, the Weather 
Bureau office in San Francisco transferred responsibility 
for issuance of advisories to the Weather Bureau in 
Honolulu. The Hawaiian military meteorological offices, 
responsible for slightly different areas than the Weather 
Bureau, had already begun issuing their warnings, and 
had named the storm Kanoa, a Hawaiian word meaning 
loosely ‘‘the free one.” 

As Kanoa approached the 145th meridian, it became 
apparent that there would be little or no chance for 
recurvature as the semipermanent Pacific High was 
strengthening to the north, and ridging farther westward 
(figs. 1, 2). This formed an effective block, such as is 


suggested by Simpson [3], at least in the lower layers. 
Aloft, a Low formed just to the northeast of the Islands, 
and was later reinforced by colder air from a trough 
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Figure 2.—Sea level pressure (mb.), 1200 emt, July 23, 1957. 


extending southwestward from the vicinity of the Aleu- 
tians (figs. 3, 4). With the lower-level pattern forcing 
Kanoa to remain on a track with a westward companent, 
but with the upper air picture suggesting that colder air 
would alter the characteristics of the tropical storm, the 
life of Kanoa as a hurricane was doomed. It weakened 
steadily, and the portion above 10,000 ft. or so was 
incorporated into the cold trough. By July 23, the storm 
at 700 mb. was part of a broad trough in the easterlies 
which had several lesser but distinct closed circulations 
(fig. 5). The part below 10,000 ft. continued its west- 
ward movement, filling rapidly. By the time it had 
reached the Hawaiian Islands, it was little more than a 
perturbation in the easterly flow (fig. 6). However, it 
caused a marked increase in rainfall over Hawaii, though 
the rain fell in a nearly normal trade wind pattern. A 
less pronounced increase in surface winds was also 
observed. 
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Ficure 5.—700-mb. height (ft.), 1200 amv, July 23, 1957. 






































FicurE 6.—Sea level pressure (mb.), 1200 amr, July 26, 1957. 
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Meanwhile, at the 500-mb. level, the circulation of 
Kanoa had been absorbed by the large cold Low so well 
that little or no evidence of Kanoa’s existence remained 
(fig. 7). 

Among the more interesting features of this storm was 
the regularity of movement which it exhibited. In its 
early stages, it moved at about 8 m.p.h. and accelerated 
slowly to about 12 m.p.h. and continued at that speed 
throughout the rest of its existence. 

An attempted analysis of sea surface temperatures 
Suggested by [4] was abandoned because no data were 
available. 


3. THE SECOND STORM 
HISTORY 


About two weeks following Kanoa another tropical 
disturbance formed in roughly the same area, and crossed 
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Ficure 8.—Tracks of the two storms: Kanoa, July 21-26, 1957, 
solid lines: the unnamed storm, August 6-16, 1957, dashed lines. 
Positions are for 0000 Gar. 


the 135th meridian at about 21° N., some 250 mi. north 
of Kanoa’s crossing of this line. From this meridian 
movements of both storms were parallel for the next 600 
mi., each progressing slightly north of west. 

Somewhere near the 145th meridian, this second storm 
turned sharply to the north-northwest and accelerated 
for a 12-hour period (fig. 8). From analysis of charts 
during this period, it appeared that cold air had entered 
the vortex of the storm, and that it was rapidly becoming 
extratropical. As it crossed the flight path of Hawaii- 
California planes during this period, revisions of flight 
forecasts were necessary due to rapid and significant 
changes in both flight weather and winds. Winds reported 
by aircraft increased in speed with height in the atmos- 
phere, so this lent support to the analysis that the storm 
was becoming extratropical. Certain analysis was im- 
possible because necessary data were not available; how- 
ever, after this relatively short period, the storm again 
slowed down, and there was considerable evidence (notably 
winds and temperatures reported by the Air Force recon- 
naissance plane which surveyed the storm) either that it 
had regenerated or that previous analyses had been in 
error. The storm was very small, since surface craft no 
more than 100 mi. from the eye reported no winds over 
25 kt., and no adverse weather. Twenty-four hours after 
the deceleration began, the storm had intensified into a 
full-fledged hurricane (fig. 9). 

For the next four days the storm maintained hurricane 
strength, and moved in a general northwestward direction. 
The maximum reported surface wind occured at 35.3° N., 
166.5° W. at 1800 amr, August 13 (fig. 10); the ship Jean 
Lafitte, apparently passing very near the center, reported 
a southerly wind of 90 kt. and surface pressure of 999 mb. 
It was not until the storm had reached a latitude of about 
38° N. that it lost its tropical characteristics and moved 
rapidly away to the northeast (fig. 11). 
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Figure 9.—Sea level pressure (mb.), 1800 Gm, August 10, 1957. 
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Fiagure 12.—Departures (dash-dot lines) of reported sea surface 
temperatures (plotted numbers), August 5-18, 1957, from normal 


temperatures [5]. The hurricane track is shown by solid line. 

















Figure 10. 


Sea level pressure (mb.), 1800 amt, August 13, 1957. 
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Sea level pressure (mb.), 1800 amr, August 15, 157. 











Figure 13.—Departure of mean 700-mb. height for July—August 
1957 from normal July-August 700-mb. height. Normal 
heights are dashed lines, departures from normal, 
Shaded area represents positive departure greater than 50 ft. 











solid lines. 


SEA SURFACE TEMPERATURE FIELD 


Since this storm passed over shipping lanes between 
the west coast of North America and Hawaii and also 
between Japan and the United States, enough surface 
data were obtained for a good analysis of the sea surface 
temperature field. Sea surface temperatures received 
during the period from August 5 to 18 were plotted and 
compared with normals [5] for the month of August (fig. 
12). 

It appears that the extremely high sea surface tempera- 
tures in the area may have been related to deceleration, 
intensification, and direction of movement of the storm. 
The maximum deviation from normal temperature occurred 
in the direction of movement of the storm (fig. 12), and 
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the storm reached hurricane intensity after it had been 
near (his maximum for a period of 12 to 18 hours. So far 
as existing data indicated, the storm’s movement seemed to 
be roughly parallel to the major axis of the positive 
temperature anomaly field. 


COMPARISON WITH NORMALS 


Comparing the mean 700-mb. chart for the months of 
July and August 1957 with the normals for those months 
showed that the height anomaly was considerably positive 
from 22° N. to 35° N. from about 135 °W. eastward into 
the North American continent, and that the Pacific high 
cell north of Hawaii was larger than normal and displaced 
to the east (fig. 13). The normal north-south trough off 
the west coast of California and Mexico was damped 
markedly, and a narrow but definite east-west ridge 
appeared, extending from southern Arizona through nor- 
thern Baja California, to a point near 28° N., 125° W., 
then curving northwestward to the high cell northeast of 
Hawaii. These deviations from normal suggest a change 
in steering of storms originating during the period: the 
existing wedge steered the storm on a westward course 
instead of the more common recurving path northward 
along the trough line. 


4. CONCLUSIONS 


The set of conditions which force westward movement 
beyond the early stages of tropical storms in the eastern 
North Pacific is so rare that the chance for study of such 
storms is almost nil. From the meager facts presently 
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available, it appears that the upper air anomalies along the 
28th to 32d parallels, and especially the filling of the normal 
north-south trough off the west coast of North America, 
are strong contributing factors in causing the initial 
westward thrust. After the storm passes the area nor- 
mally most favorable for northward recurvature, the sub- 
tropical High seems to act as a steering mechanism, until 
such time as other factors overcome the strength of this 
steering wedge and either cause or allow recurvature. 
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THE WEATHER AND CIRCULATION OF MARCH 1960 


A Cold, Snowy Month 
CARLOS R. DUNN 


Extended Forecast Section, U.S. Weather Bureau, Washington, D.C. 


1. HIGHLIGHTS 


Cold and snowy weather prevailed in the eastern two- 
thirds of the United States during March 1960, while 
temperatures in most of the remaining (western) portions 
were warmer than normal. Many of the eastern stations 
reported the coldest March of record, and in some places 
the monthly mean temperature was as much as 6° or 
7° F. colder than the previous record low. 

This prolonged wintry weather was associated with 
blocking in North America, which originated during the 
winter [10] and continued to dominate the circulation 
throughout most of March 1960. This block was so 
tenacious and widespread that the index of 5-day mean 
zonal westerlies for the temperate zone (35° N.-55° N.) 
averaged over the Western Hemisphere was continuously 
below normal from January 7-11, 1960 to March 19-23, 
1960. 

2. MEAN CIRCULATION 


The monthly mean circulation at 700 mb. for March 
1960 in the United States consisted of a ridge over the 
Plateau States and a pronounced trough along the east 
coast with an anomalous, northerly flow in between 
(fig. 1). The trough was associated with equatorward- 
displaced westerlies and cyclonic activity south of the 
blocking ridge centered over the Ungava Peninsula in 
eastern Canada. This ridge was abnormally cold and 
consequently not very impressive at the 700-mb. level 
where heights averaged only 160 feet above normal. 

Blocking was also evident in other areas. High-latitude 
anticyclones with major positive anomalies were located in 
northeastern Siberia and in Seandinavia. In the eastern 
Atlantic the normal seat of cyclonic activity was displaced 
southward (note —350-ft. anomaly in fig. 1), and many 
storms were deflected by the blocking High into southern 
Kurope. East of the Scandinavian High a much stronger 
than normal northerly flow produced unusually cold 
weather in central Eurasia. 

A Gulf of Alaska Low appeared in the mean in March 
after being absent in January and February 1960. It 
was the southeastern component of the typical “omega” 
block in this region. 

These 700-mb. centers of action also appeared on the 
sea level 30-day mean (fig. 2). As expected, the cold 


North American block was more prominent at the lower 
level; above normal pressures were observed over most 
of Canada and the United States, with a ridge extending 
from the Yukon to Florida. This sea level map is typical 
of those associated with cold regimes in eastern United 
States. In fact, the sea level mean for this March is 
similar to the one for March 1915 when many previous 
temperature records were established. 


3. CHANGE IN MEAN CIRCULATION 
FROM FEBRUARY TO MARCH 1960 


The major change in the mean circulation at 700 mb. 
from February to March was the diminution of blocking 
and above normal heights over Greenland and eastern 
Canada (fig. 3). The maximum anomalous height fall 
(—660 ft.) was centered over southern Greenland, but 
700-mb. heights also fell over practically all areas of 
Canada. In the United States rises in the west combined 
with falls in the east to intensify the northwesterly flow in 
the eastern portion of the country. This resulted in a 
marked cooling in New England where monthly mean 
temperatures were actually colder in March than in 
February. 

The intensity and evolution of the North American 
blocking is well illustrated by a time series of 5-day mean 
760-mb. height anomalies which are two weeks apart 
(fig. 4). Heights were far above normal in eastern Canada 
during the middle of February. They fell slowly thereafter 
but were still 550 ft. above normal by mid-March. Sub- 
sequently, this blocking weakened and heights dropped to 
approximately 500 ft. below normal by the end of the 
month. 

While the positive anomalies existed in eastern Canada, 
heights were subnormal to the south over the United 
States in a fashion quite typical of blocking. As the 
blocking relaxed, in late March, 700-mb. 5-day mean 
heights over eastern United States increased to above 
normal values for the first time since early February. 

A simple index was computed to indicate further the 
persistence, early period strength, and gradual decline of 
blocking in eastern North America. This blocking index 
(fig. 5) was obtained by subtracting the 700-mb. 5-day 
mean height departures from normal averaged over & 
small area (10° square) centered at 35° N., 65° W. from 
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Vieure 1. 


Mean 700-mb. contours (solid) and height departures from normal (dotted), both in tens of feet, for March 1960. 


Blocking 


was prevalent this March. 


a similar spatially averaged center at 60° N., 65° W. If 
height anomalies were more positive or less negative in 
the northern than in the southern area, this blocking 
index would be positive. A positive value also means, of 
course, that the westerlies were weaker than normal in 
this small longitudinal sector. Values were computed 
three (imes per week. 

The blocking index was largest early in the period and 
continuously positive until the March 22-26, 1960 period. 
The decrease in blocking was gradual with only minor 
oscilla tions. 


While blocking remained in eastern North America, 
surges of rising heights at high latitudes and falling heights 
at low latitudes migrated simultaneously westward, in a 
fashion referred to as a blocking surge by Namias /6]. By 
the first of March, 700-mb. heights were above normal in 
high latitudes from Greenland westward to eastern Siberia 
and generally subnormal in middle latitudes from Great 
Britain to the central Pacific (fig. 4). This regime changed 
slowly so that by the end of March the anomaly pattern 


had almost completely reversed with subnormal and 
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FicuRE 2.—Mean sea level isobars (solid) and pressure departure 
from normal (dotted), both in millibars, for March 1960. Isoline 
interval of anomalies is 4 mb. Pressure was above normal over 


most of North America. 
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supernormal heights found in high and low latitudes, 
respectively. 


4. WEATHER OVER THE UNITED STATES 


PRECIPITATION 


The pattern of total precipitation for March 1960 over 
the United States was quite complicated with essentially 
three small-scale patches of supernormal precipitation 
(fig. 6). In the Northwest the mid-tropospheric winds 
(fig. 1) were stronger than normal from the southwest, a 
factor which enhanced the orographic precipitation, 
Furthermore, there was some cyclonic activity in this 
area (Chart X in [12] and fig. 2). This precipitation was 
uniformly distributed throughout the month [13]. 

In the Southeast the circulation was also favorable for 
heavy rainfall. This region was near the mean trough, 
and depressed jet stream (fig. 1), near one of the preferred 
storm tracks (Chart X in [12]), and also in the area of 
frequent fronts (fig. 7). Here the precipitation was 
heavier than in any other part of the United States (fig. 6), 
and record amounts for March were reported in Florida. 
The bulk of this record rainfall occurred during the third 
week of March in connection with severe local weather 
along a stationary front (No. 12 in [13]). 

Heavy precipitation over the central Great Plains and 
moderate precipitation in other regions east of the Rocky 
Mountains resulted indirectly from the blocking regime 
and the attendant cold mass of air which persisted over 
the eastern half of the United States. Several cyclones 
formed in the Southwest and Gulf of Mexico and moved 
slowly eastward or northeastward (Chart X in [12)). 
Overrunning of the obstructing cold airmass in front of 
these perturbations produced severe snowstorms from 
the Rocky Mountains to the east coast. The areas which 
experienced major snowstorms can be roughly determined 
by inspection of table 1 which lists various snowfall 
records that were made this March. Further information 
and descriptions of the snowstorms of March 1960 appear 
in [13], and in [4] there is an interesting discussion of the 
March 3-5, 1960 storm. This ‘“northeaster,’’ embedded 
in the blocking regime of early March, decelerated as it 
moved northward along the east coast of the United 
States and produced a great snowstorm in southeastern 
New England. 


TaBLE 1.—Total snoufall for March 1960 at selecied cities that 
received the largest amount for any March on record 
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Figure 3.—Difference between monthly mean 700-mb. height 
anomaly for February and March 1960 (March minus February) 
in tens of feet. There were large height falls over eastern Canada 
and northeastern United States. 





Station | Snowfall Station | Snowfall 
(in.) (in.) 

a ie ia | ae 

St. Joseph, Mo-.- 23.1 || Harrisburg, Pa-- 22.6 
Columbia, Mo... 24.5 || Roanoke, Va_-_-- *30.3 
Cairo, Ifi........-- 20.3 || Richmond, Va- 19.7 
South Bend, Ind__- 33.9 || Asheville, N.C___. “2.9 
Evansville, Ind _ 20.2 || Cape Hatteras, N.C 8.5 
Louisville, Ky -__- 22.9 || Charlotte, N.C 19.3 
Lexington, Ky- 17.7 || Greensboro, N.C_-- *21.3 
Knoxville, Tenn 20.2 || Greenville, 8.C 15.3 
Akron, Ohio 20.9 || Atlanta, Ga_- 4.8 
Youngstown, Ohio.____- 20.6 || Rome, Ga 8.3 
Pittsburgh, Pa_..-.___-- 21.3 


*Record for any month. 
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FiGuRE 4. 
February and March 1960. 


In the remainder of the country precipitation was 
subnormal under the influence of dry, northerly flow 
between the trough in the east and ridge in the west (fig. 1), 
a pattern favorable for dry weather. 

PERIODICITY 

Periodie recurrences in the weather have been noted by 

several investigators [1, 2, 7]. As pointed out by Namias 


7], periodicities frequently occur in spring and also are 
probably most apparent during periods of persistent or 
slowly changing general circulations, such as existed this 
Marcel. During such periods several storms frequently 
pursue the same general track. This March both layman 
and meteorologist in Washington, D.C., commented on 





Five-day mean 700-mb. height departures from monthly normal in tens of feet for indicated periods (2 weeks apart) in 
Blocking surge [6] was significant evolution of circulation. 


the fact that storms were affecting the area every Thurs- 
day. A plot against time of the total precipitation for each 
day (fig. 8) shows an approximately 7-day periodicity in 
February which maintained remarkably well throughout 
most of March. It is interesting to note that a trace was 
reported on March 24, the expected time for precipitation 
if the cycle had continued, even though marked changes 
in the mean circulation had occurred by this time. 
TEMPERATURE 

The outstanding weather feature of March 1960 was the 
extreme and tenacious cold over a large area of the eastern 
United States. The March mean temperatures were the 
lowest on record this year at a great many stations (fig. 9). 
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Figure 5.—Time variation of the 5-day mean temperature anomaly 
(° F.) at Moline, Ill, and Washington, D.C., and the blocking 
index for February and March 1960. Blocking index is obtained 
by subtracting the average of the four 5-day mean height anom- 
alies at 40°N., 60°W.; 40°N., 70°W.; 30°N., 60°W.; 30°N., 70°W. 
from the average of the four at 65°N., Siw. GN., 78° h.; 
55°N., 55°W.; 55°N., 75°W. Large positive value indicates 
strong blocking. Both blocking and temperature values were 
computed for all available 5-day mean periods, three per week, 
and plotted opposite the middle day of the periods. 
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Ficure 6.—Percentage of normal precipitation for March 1960. 
Precipitation was abnormally heavy in Oregon, Central Plains, 


and the Southeast. (From [13] April 11, 1960). 


Some old records were broken by a wide margin. For 
example, at Moline, Ill., the March mean temperature of 
19.9° F. was 7.3° below the previous record made in 1912. 
Also, this March was the coldest month of the winter at 
Charleston, W. Va., Louisville, Ky., Harrisburg, Pa., and 
Dayton, Ohio. 

The degree of unusualness of the cold weather may be 
derived from figure 10 which gives the geographical distri- 
bution of the standardized departure from normal of the 
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Figure 7.—Number of days in March 1960 with fronts of any type 
(within equal area quadrilaterals of 66,000 n. mi’). All frontal 
positions are taken from Daily Weather Map, 1:00 a.m. EST, 
Isoline interval is 4 days. Areas with 12 or more days with 
fronts are stippled Fronts were frequently located far south 
over the Gulf of Mexico. 
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Figure 8.—Precipitation for 24-hour periods in inches at Washing- 
ton, D.C., for February 27—March 31, 1960. Interesting 7-da) 
periodic ity existed from mid-February to mid-March. 


monthly mean temperature. It was obtained for 130 
stations, evenly distributed over the United States, by 
dividing the observed monthly mean temperature anoma- 
lies by their respective standard deviations, which have 
been computed by Thom [11]. The departures this Mareh 
were more than 2 standard deviations over a large area of 
eastern United States, roughly corresponding to the region 

















aE 


3 | 


‘ing- 
~day 


130 
by 
ma- 


ave 
arch 
fh of 


youl 





Marcu 1960 


MONTHLY WEATHER REVIEW 117 











’ 


Ie } 


U_S. Weathe: sail 


Fiaure 9.—Numbers above stations are mean temperatures (° F.) 
for March 1960 that were lowest on record for March. Num- 
bers below stations are approximate period of record. These 
are not all the stations that reported records but were selected 
to indicate the extensive area of extreme cold. 
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where record temperatures for March occurred, and greater 
than 3 standard deviations for a sizable region in central 
United States. With random sampling from a normally 
distributed population, the probability of obtaining a 
negative, standardized departure of 3 would be about 1 
in SOO. 

The low monthly mean temperature in the East resulted 
from persistent extremes. The band of high frequency 
of fronts (fig. 7) outlines the periphery of the persistently 
cold area. Frontal systems seldom penetrated the cold 
air mass that lay over the eastern United States. During 
the first week most places were colder than normal except 
for small areas in extreme southwestern and northeastern 
United States. (See Chart A in No. 10 of [13].) Temper- 
atures averaged more than 25° F. below normal in the 
northern Rocky Mountain and central Plains States. As 
the month progressed and ridging took place in the West, 
the relatively warm area initially confined to the South- 
west migrated slowly northward and then spread eastward. 
In the East the weather in New England cooled markedly, 
as the 700-mb. trough off the east coast intensified. 

For the week ending on March 27, temperatures aver- 
aged venerally above normal west of the Plains States but 
were still below normal in the eastern half of the country. 
Near the end of March temperatures went to above nor- 
mal over almost the entire United States as the blocking 
regime disappeared and strong westerlies and warm air 
Spreac| across the country. 

A further breakdown of the temperature records into 














Figure 10.—Standardized departures from normal of monthly 
mean temperatures for March 1960. Average temperatures 
over a large area in eastern United States were more than 2 
standard deviations below normal. 


shorter periods highlights the continuous nature of the 
cold weather. At Moline, Ill., Washington, D.C., Macon, 
Ga., and Shreveport, La., representative of the region of 
extreme cold, the daily maximum and minimum tempera- 
tures for March 1960 were plotted against time along with 
their normal values (fig. 11). During the first part of 
March both maximum and minimum temperatures re- 
mained below their respective normals. In fact, the max- 
imum hovered close to the normal minimum. Many 
stations reported interesting cold weather phenomena in- 
dicating long duration of cold. For example, Atlanta, 
Ga., had freezing temperatures on 18 days, 7 more than 
the previous record; at Des Moines, lowa, temperatures 
were 10° or more below normal for the first 26 days of 
March. At the two southern stations, Macon, Ga., and 
Shreveport, La., warming during the month was rather 
gradual but greater than the normal, for this time of year, 
so that by the last week of March, temperatures were near 
normal. At the northern stations, Moline, Ill., and Wash- 
ington, D.C., temperatures remained cold until around 
March 25, 1960, when a pronounced warming set in and 
temperatures rose rapidly to above normal values. This 
occurred just after the marked change in circulation de- 
scribed earlier. 


5. RELATIONSHIP BETWEEN TEMPERATURE 
AND CIRCULATION 


The above normal ridge in the West and stronger than 
normal trough in the East fit the observed temperature 
distribution, but the Gulf of Alaska Low and absence of 
positive height anomalies in northwestern Canada do not 
generally favor cold weather in eastern United States 
(3, 5]. However, Rex [9] showed that in Europe and the 
Atlantic blocking is associated with cool weather south 
of the anticyclonic portion of the block. That a similar 
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Figure 11.—Maximum and minimum surface temperatures (° F.), March normal dotted, March 
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eastern United States. | Remarkably persistent cold weather existed up to the final days of March. 


1960, solid, for indicated cities in 
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Tani & 2.—Snow cover (more than trace) at two stations for selected 
days in March. Column 3 shows number of years snow cover was 
present on date in column 2. Column % gives depth of snow on the 
ground on that date in March 1960. 
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No. of years Snow depth 


| Date in March} snow cover 


Station March 1960 
present (in.) 

Bismarck, N. Dak. (1943-59) _- : 1 14 | 0 
10 14 | 5 

20 10 2 

St. Louis, Mo. (1929-59) - - ; 1 2 | 3 
10 4 | 4 

10 


20 | 0 


relationship was operating this March in North America 
is illustrated in figure 5. Note that while the blocking 
was strong, temperatures in eastern United States, repre- 
sented by Moline, Ill., and Washington, D.C., were cold 
and did not exceed the normal until after the blocking 
disappeared. 

A factor which contributed to the cold temperatures in 
the United States was the abnormal cold of the air masses 
leaving the Canadian source region. Monthly mean sur- 
face temperatures and thicknesses (1000-700 mb.) aver- 
aged below normal everywhere in Canada except along 
the coasts. "Temperatures for the month averaged up to 
8° F. below normal and thicknesses 240 ft. below normal 
in the MacKenzie River Basin. From this area several 
migratory Arctic anticyclones moved into eastern United 
States. (See Chart IX in [12] and fig. 2.) 

This factor, plus the circulation at 700 mb., although 
favorable for cool weather, hardly explain the record 
cold observed this March. It has been suggested by 
Namias [8] that an important part of the reason for the 
persistence of such extreme temperatures was the estab- 
lishment, in the latter part of February, of an extensive 
and deep snow cover over areas where snow in not normally 
found at this time of vear. He showed that observed 
temperature anomalies exceeded those normally expected 
from the observed 700-mb. mean circulation. The direct 
influence of the circulation on the temperature distribution 
was assessed objectively, although imperfectly, by using 
statistical equations developed by Klein et al. [3]. These 
equations, although designed for 5-day forecasting, were 
found to explain 63 percent of the temperature vari- 
ability when applied to observed monthly mean 700-mb. 
height [3]. The objective temperatures derived in this 
manner from the observed 700-mb. mean for March 1960 
were much too warm in eastern United States where ob- 
served temperatures were very cold (fig. 12). This 
appears to support the hypothesis that snow cover played 
an important role in keeping the polar outbreaks very 
cold as they progressed southward. 

Charts prepared at the National Meteorological Center 
of the U.S. Weather Bureau showed that the southern 
boundary of the snow cover (1 inch or more) extended 
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Figure 12.—Error (° F.) (forecast minus observed) in temperature 
specification which was made when statistical prediction equa- 
tions described in [3] were applied to the observed 30-day mean 
700-mb. heights for March 1960. Observed temperatures were 
much colder in central United States than those indicated by 
equations. 


roughly on March 1, from southern New England to the 
Texas Panhandle, on March 10, from South Carolina 
to Colorado, and on March 20, from southern New Eng- 
land to Kansas. 

At many stations with long periods of record daily 
values of the depth of snow on the ground are available, 
although homogeneous records are scarce. Nevertheless, 
the records at Bismarck, N. Dak. and St. Louis, Mo., 
were examined to help estimate the normal frequency of 
snow cover in and upstream from the area of extreme cold 
this March. The results are presented along with the 
snow cover for March 1960 in table 2. These data 
indicate that snow cover is quite common at Bismarck 
in March but rather rare at St. Louis. This, in con- 
junction with the U.S. Weather Bureau snow cover chart 
previously referred to, suggests that the southern boundary 
of snow cover extended farther south than normal this 
March. This factor could have contributed significantly 
to the excessively cold temperatures, especially in the 
southern areas. 
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Publication of Weather Notes 


Many years ago the Monthly Weather Review published detailed eyewitness 
accounts of exceptional storms. These accounts both enrich the meteorolo 
gist’s knowledge of storms and provide him with particular details that cannot 
be found elsewhere. Because such information bears directly upon questions 
the meteorologist must attempt to answer about weather phenomena (for 
example, the identification of storms as tornadoes), and because the information 
has potential value in both the research and service programs of the Weather 
Bureau, publication of eyewitness accounts and brief analyses of exceptional 
storms and other meteorological phenomena was resumed in the April 1955 
issue. They appear from time to time under the heading ‘‘Weather Notes”’. 

Contributions to these ‘‘Notes’”’ are invited from readers of the Review. 
There is no limitation placed on length of description but it is expected that 
most will be short accounts. Any weather peculiarities, whether storms or 
other phenomena, are acceptable subject matter. Material should be addressed 
to Editor, Monthly Weather Review, U.S. Weather Bureau, Washington 25, 
D.C, 
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